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ABSTRACT 
Under terminal water deficit, the impact of stem carbohydrate remobilization has greater 
significance because post-anthesis assimilation is limited, and grain growth depends on 
translocation of carbohydrate reserves. The working hypothesis of this thesis is that 
increases in stem carbohydrates facilitate tolerance to terminal drought in wheat. The 
goals of this thesis are to examine this hypothesis using physiological and genetic tools; 
identify genes that are related to QTL for stem carbohydrate; work with wheat and barley 
breeders to integrate findings into the breeding program of the Department of 
Agricultural and Food Western Australia. 
The physiological data of three drought experiments (two years in a glasshouse and one 
year in the field) suggested the maximum level of stem water soluble carbohydrate 
(WSC) is not consistently related to grain weight, especially, under water deficit. The 
patterns of WSC accumulation after anthesis differed depending on variety and suggested 
that WSC degradation and translocation have different genetic determinants.  
Most of the carbohydrates in stem WSC in wheat are fructans. Because 1-FEH gene was 
an important gene in fructan degradation, the three copies of this gene (1-FEH w1, 1-
FEH w2 and 1-FEH w3) were isolated from the respective genomes of bread wheat. In 
addition, the genes were mapped to chromosome locations and coincided with QTL for 
grain weight. The results of gene expression studies show that 1-FEH w3 had 
significantly higher levels in the stem and sheath which negatively corresponded to the 
level of stem WSC in two wheat varieties in both water-deficit and well-watered 
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treatments. Strikingly, the 1-FEH w3 appeared to be activated by water deficit in 
Westonia but not in Kauz. The results suggest that stem WSC level is not, on its own, a 
reliable criterion to identify potential grain yield in wheat exposed to water deficit during 
grain filling. The expression of 1-FEH w3 may provide a better indicator when linked to 
instantaneous water use efficiency, osmotic potential and green leaf retention, and this 
requires validation in field grown plants. In view of the location of the contribution to 
grain filling of stem WSC, this is a potential candidate gene contributing to grain filling. 
The numerous differences of intron sequences of 1-FEH genes would provide more 
opportunities to find markers associated with the QTL.  
A new FEH gene was partially isolated from Chinese Spring and the sequence was 
closely related to 1-FEH genes. This gene, FEH w4, was mapped to 6AS using Chinese 
Spring deletion bin lines. The polymorphism of this gene was found between different 
bread varieties using PCRs and RFLPs, and this allowed the gene to be mapped to two 
populations of Hanxuan 10 × Lumai 14 and Cranbrook × Halberd. In the population of 
Hanxuan 10 × Lumai 14, it was close to SSR marker xgwm334 and wmc297 where the 
QTL of thousand grain weight and grain filling efficiency were located. This result 
indicated this gene might be another possible candidate gene for grain weight and grain 
filling in wheat. 
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Chapter 1:  
General introduction and aims 
1.1  The significance of water deficit tolerance in wheat breeding   
Wheat is a temperate cereal crop grown primarily for its grain. It is planted in 17% of the 
world’s cultivated land, equivalent to 220 million hectares and is the staple food of 35% 
of the world’s population (Kronstad, 1996). Australia contributes only 3.2% of world 
wheat production but is responsible for 13% of world trade because more than 80% of 
Australian wheat is exported (Perry, 1992). Almost half of the wheat produced in 
Australia comes from Western Australia (WA) (Setter et al., 1998).  
The most common factor affecting wheat production and grain quality in Australia is 
water deficit – “drought.” Drought and heat are considered the top priority among 15 
abiotic stresses affecting wheat production across the entire state of WA (Setter, 2000). 
Shallow duplex soils account for 60% of the WA cropping area and means wheat 
produced in this area is particularly exposed to drought (McFarlane et al., 1989; Setter 
and Belford, 1990; Setter and Waters, 2003). The cost of a recent drought (2002/03), in 
terms of lost production, was approximately $ 1.0 billion (AUD).  
In many countries there is competition between the rural and urban population for access 
to water. In agriculture, water availability is an increasing problem whether in irrigated or 
rainfed production systems. Due to the higher demands for food and reduced water for 
irrigation as well as the increasing frequency and severity of drought conditions, the 
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impact of droughts or of reduced availability of irrigation water can be mitigated by a 
broad variety of agronomic practices to conserve water. In addition, it is possible to 
exploit the range of genetic variation for drought tolerance and water use efficiency, and 
well-adapted wheat lines are now available to farmers. The tools of modern agricultural 
science, in particular of functional genomics, present a new opportunity to bring together 
conventional plant breeding and molecular approaches to select and combine optimum 
pathways for water deficit tolerance and maximise water use efficiency. 
High water use efficiency, a deep root system, osmotic adjustment and green leaf 
retention, have been argued to confer drought tolerance but remain controversial (Fukai 
and Cooper, 1995). Adaptive traits such as the accumulation of high concentrations of 
stem carbohydrates, mainly fructan (Blacklow et al., 1984; Kühbauch and Thome, 1989), 
at flowering enable plants to escape some of the adverse effects of reduced carbon 
assimilation during grain filling. This is particularly relevant to the Western Australia 
environment and hence was focused in this thesis. Simulation modelling has shown that 
this trait is associated with increases in grain production by up to two-fold relative to 
crops with low shoot carbohydrates (Setter et al., 1998). This trait has been 
experimentally demonstrated to be an adaptive trait in wheat exposed to terminal drought 
in the rainfed wheat belt of Western Australia where over 130 genotypes have been 
evaluated for up to 6 years in multilocational field trials (Setter, 2002; and unpublished 
data). Foulkes et al. (2007a) and Shearman et al. (2005) suggested that greater stem water 
soluble carbohydrate (WSC) storage could be important for wheat breeding progress in 
yield potential in future years as well as optimized rooting traits, an extended stem-
elongation phase, greater radiation-use efficiency and optimized ear morphology.  
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1.2  The gaps of knowledge and the aims of the thesis 
It should be noted that a direct correlation between the observed fructan accumulation 
and drought tolerance has not been unequivocally shown (Evans and Wardlaw, 1996; 
Ehdaie et al., 2006a and b; Ruuska et al., 2006). Furthermore, factors influencing the 
stem WSC levels have not been identified. For studies on the physiological role of 
fructan metabolism in plants, fructosyltransferase genes are important and the genes have 
been transformed into several different plant species. These studies suggested that 
fructosyltransferase was not sufficient for fructan synthase, and that other additional 
activities maybe required (Vijn and Smeekens, 1999). There was a weak positive 
correlation (r
2=0.35-0.38) between fructan concentration and fructosyltransferase activity 
across development in the stems of both rainfed and irrigated wheat (Goggin and Setter, 
2004). Goggin and Setter (2004) suggested that fructan exohydrolases (FEHs) may play 
more of a role in the rate of net fructan accumulation than fructosyltransferases. 
Moreover, sucrose can act as an activator/substrate [sucrose: sucrose 1-
fructosyltransferase (1-SST) and sucrose: fructan 6-fructosyltransferase (6-SFT)] or 
inhibitor (fructan exohydrolases) of fructan synthesis (Van den Ende et al., 2003a). 
Hence, the concentration of fructan is not only controlled by the fructosyltransferase and 
exohydrolase enzymes, but also is affected by the concentration of sucrose (Le Roy et al., 
2007). 
 The working hypothesis of this thesis is that increases in stem carbohydrates facilitate 
tolerance (high grain yield) to terminal drought in wheat. The aims of this thesis are to: 
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•  Test the hypothesis, 
•  Investigate the role of FEH in fructan levels,  
•  Identify candidate genes using rice-wheat-barley comparative genomics, 
•  Map identified genes to wheat molecular genetic maps and correlate map positions 
with QTL for stem carbohydrate, and 
•  Work with wheat and barley breeders to integrate findings into the breeding 
program of the Department of Agricultural and Food Western Australia. 
The structure of the thesis and the relationship between experiments are shown in Fig. 1.1. 
 
Aim (Chapter 1) 
Physiological experiments
Glasshouse drought
experiments 
(Chapter 3)
Field drought
experiment 
(Chapter 4)
Molecular experiments
Gene isolation of three 
copies of 1-FEH genes 
(Chapter 5)
1-FEH mRNA level
measurements
(Chapter 6)
Partial isolation of 
two novel 1-FEH genes 
(Chapter 7) 
General discussion 
(Chapter 8)
Literature review (Chapter 2) 
Purpose is to test the hypothesis and 
establish a well characterized system 
to analyse molecular level events
Purpose is to provide probe for 
analysing gene expression under 
water stress
Purpose is to analyse the correlation 
between the level of WSC and 1-FEH 
gene expression in response to water 
stress
Fig. 1.1 The structure of the thesis and the relationship between experiments.   5
Chapter 2: 
 Literature review 
 2.1 Water deficit in different growth stages of the plant  
There are three broad periods during plant development that are useful when 
considering the effects of water deficit (Fukai and Cooper, 1995): 1) early-season 
drought in the seedling stage; 2) water deficit at the vegetative stage; 3) late water 
deficit which affects grain filling, particularly in late maturing genotypes (Fig. 2.1).  
 
Seedling emergence
Vegetative stage
Grain filling
0                   30                    60                   90                    120  Days after sowing  
Fig. 2.1 Drought types during wheat development. 
 
In the seedling stage, the early vigour of plants becomes very important and the 
expanded leaves are able to cover the soil surface and reduce evaporation (Richards et 
al., 2001). Therefore, the speed of plant growth is a key factor at this stage. Traits 
contributing to increase seedling vigour would be broad seedling leaves, embryo size, 
specific leaf area and large coleoptiles (Richards et al., 2001). Selection for long 
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coleoptiles allows seed to be sown deeper and thus makes better use of stored soil 
moisture (Rebetzke et al., 2007). 
In the vegetative stage of growth, stomata can be closed to reduce transpiration and 
conserve water. Stomatal closure includes passive responses due to loss of water 
through evaporation and active responses due to the reduction in the solute content of 
the guard cells. Abscisic acid (ABA) is implicated in stomatal hydroactive closure 
(Taiz and Zeiger, 2002). Water stress can also limit leaf expansion and photosynthesis 
(Taiz and Zeiger, 2002; Hassan, 2006). As stomata close during early stages of water 
stress, water use efficiency may increase and more CO2 may be taken up per unit of 
water transpired. As stress becomes severe, mesophyll metabolism is impaired, the 
dehydration of mesophyll cells inhibits photosynthesis and water use efficiency 
usually decreases.  
At the vegetative stage, pale colour of leaves, wax on the leaf surface, and optimized 
angle of the leaf would affect the temperature on the leaf surface and reduce 
evaporation. The size of the plant is important as plants with large biomass are more 
susceptible to dehydration compared to smaller plants (Blum et al., 1997b). 
Turning to roots, drought stress enhances root extension into deeper, moist soil (Fukai 
and Cooper, 1995). Varieties with deep roots have been selected for drought tolerance 
(Fukai and Cooper, 1995; Price et al., 1997). At the early stage of drought stress, 
osmotic adjustment might contribute to plant survival. Most of the adjustment can 
usually be accounted for by increases in the concentration of a variety of common 
solutes, including sugars, organic acids, amino acids, and inorganic ions (especially 
K
+). Osmotic adjustment can maintain turgor and root growth at lower water 
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potentials. Some studies have shown that osmotic adjustment promotes dehydration 
tolerance but does not have a major effect on productivity (McCree and Richardson, 
1987). 
In the reproductive and grain filling stage of wheat growth, responses similar to those 
in vegetative stages are likely to occur, for example, stomatal closure, photosynthesis 
limitation, osmotic adjustment, ABA accumulation and root elongation (Fig. 2.2). 
Water-deficit at flowering can lead to male sterility (Blum, 2007a) which reduces the 
seed number. When drought stress becomes severe, it might directly affect 
translocation, because phloem transport depends on turgor. However, in sorghum, 
experiments have shown that translocation is unaffected until late in the stress period, 
when other processes, such as photosynthesis, have already been strongly inhibited 
(Taiz and Zeiger, 2002). This relative insensitivity of translocation to stress allows 
plants to mobilize and use reserves where they are needed (eg. in seed fill), even when 
stress is severe. The ability to continue translocation of assimilates is a key factor in 
almost all aspects of plant tolerance to drought (Taiz and Zeiger, 2002). Some short 
season varieties complete their life cycles during the wet season, before the onset of 
drought. Thus, drought stress at grain filling would have less effect on short season 
varieties, as they might be able to escape  drought (Taiz and Zeiger, 2002; Blum, 
2007b). 
In the wheat fields of WA, water deficit intensifies from anthesis to about 4 weeks 
later and severe drought usually occurs from a month after anthesis to maturity 
(Conocono, 2002). Terminal drought is a major problem for wheat production in WA 
as well as in other parts of Australia and the improvement of drought tolerant varieties 
in wheat is a priority for research.  
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Low Humidity
High Temperature
Hight Light intensity
Long –Term Responses Short –Term Responses
¾Signal Transport
¾Xylem Hydraulic Changer
¾Assimilate Transport
¾Root Signal Recognition
¾Stomatal Closure
¾Decreased C Accumulation
¾Increased ABA
¾Multi-stress Sensing 
¾Gene Responses
Root Responses
¾Cell Drought Signaling
¾Gene Responses
¾Osmotic Adjustment
¾Root Signal Recognition
¾Gene Responses 
¾Inhibition of Growth
¾Shoot Growth Inhibition
¾Decreased Photosynthesis
¾Reduced Transpiration Area
¾Gene Responses
¾Metabolic Acclimation
¾Osmotic Adjustment
¾Increased ABA 
¾Turgor Maintenance
¾Sustained Root Growth
¾Increased Ratio of Root/Shoot
¾Increased Absorption
Water Deficit 
Soil compaction
Soil drying
 
Fig. 2.2 Plant physiological and biochemical responses to drought during reproductive 
and grain filling. Left: long-term or acclimation response; right: short-term responses 
(modified from Chaves et al., 2003). 
2.2 Products of drought-inducible genes 
The products of the drought-inducible genes identified in the literature can be 
classified into two groups (Shinozaki et al., 2003; Fig. 2.3). The first group 
(functional proteins) includes proteins that most probably function in abiotic stress 
tolerance. These include molecules such as chaperones, late embryogenesis abundant 
(LEA), osmotic, antifreeze proteins, mRNA-binding proteins, key enzymes for 
osmolyte biosynthesis, water channel proteins, sugar and proline transporters, 
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detoxification enzymes, various proteases and proteinase inhibitors. The second group 
is comprised of regulatory proteins, for example, protein factors involved in further 
regulation of signal transduction and stress-responsive gene expression, protein 
kinases, protein phosphatases, enzymes involved in phospholipid metabolism and 
other signalling molecules such as calmodulin-binding protein. 
Drought
Functional proteins
Water channels
Transporters
Detoxification
enzymes
Protection factors
of macromolecules
(LEA proteins, 
chaperones)
Key enzymes for 
osmolyte biosynthesis
(proline, sugars)
Proteases
Regulatory proteins
Transcription factors 
(DREB2, AREB, MYC,
MYB, bZIP, NAC, 
HB etc.)
Protein kinases
Phosphatases
Phospholipid metabolism
ABA biosynthesis
Proteinase inhibitors
 
Fig. 2.3 Function of drought stress-inducible genes in stress tolerance and response. 
Gene products are classified into two groups. The first group includes proteins that 
probably function in stress tolerance (Functional proteins), and the second group 
contains protein factors involved in further regulation of signal transduction and gene 
expression that probably function in stress response (Regulatory proteins) ( Shinozaki 
and Yamaguchi-Shinozaki, 2007). Proteinase inhibitors (PI) constitute a large and 
complex group of plant proteins and have an enormous diversity of function by 
regulation the proteolytic activity of their target proteinases, resulting in the formation 
of a stable protease inhibitor complex (Leung et al., 2000). A putative chymotrypsin 
inhibitor gene, Oryza sativa chymotrypsin inhibitor-like 1 (OCPI1), which belongs to 
the serine PI family, was isolated from rice (Callis, 1995; Huang et al., 2007). The 
expression of OCPI1 was strongly induced by dehydration stresses and ABA (Huang 
et al., 2007). The positive transgenic plants (OCPI1 was over-expressed) had 
significantly higher grain yield and seed setting rate than the wild type and the 
negative transgenic control (no over-expression of the transgene) under the severe 
drought stress conditions, whereas the potential yield of transgenic plants under 
normal growth conditions was not affected.  
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It is noted that the majority of studies of drought-inducible genes have not been 
studied in field grown material and their relevance to ‘field drought’ is thus unknown. 
Many are likely to relate to desiccation tolerance and survival, and may not have any 
economic relevance. Genes identified need to be further verify in field. 
2.3 Drought stress signal transduction in plants  
Drought stress signal transduction consists of ionic and osmotic signalling pathways, 
detoxification (e.g. damage control and repair) response pathways and pathways for 
growth regulation (Zhu, 2002). Osmotic stress activates several protein kinases for 
example, mitogen-activated kinases, which may mediate osmotic homeostasis and/or 
detoxification responses (Zhu, 2002).  Some particular genes induced by stress encode 
key enzymes regulating biosynthesis of compatible solutes such as amino acids (e.g. 
proline), quaternary and other amines (e.g. glycinebetaine and polyamines), and a 
variety of sugars and sugar alcohols (e.g. mannitol, trehalose, galactinol and raffinose) 
(Ramanjulu and Bartels, 2002; Zhang et al., 2004; Bartels and Sunkar, 2005; 
Umezawa et al., 2006). One early response to drought and other stress (e.g. cold and 
salinity stress) is a transient increase in cytosolic Ca
2+, derived from either influx from 
the apoplastic space or release from internal stores (Sanders et al., 1999; Knight, 
2000). Internal Ca
2+ release is controlled by a ligand-sensitive Ca
2+ channel (Xiong et 
al., 2002). Under osmotic stress, changes in phospholipid composition can be detected 
in plants as well as in other organisms (Munnik et al., 1998). However, during 
exposure to stress, the major role of phospholipids, the backbone of cellular 
membranes, may be to serve as precursors for the generation of regulator molecules 
(Xiong et al., 2002). Abscisic acid biosynthesis is regulated by osmotic stress that 
modify constitutively expressed transcription factors, leading to the expression of 
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early response transcriptional activators, which then activate downstream stress 
tolerant effector genes (Zhu, 2002).   
Drought, salt stress
Signal perception
IP3
Ca2+
ABA independent ABA dependent
ABA
Cold
NAC
HD-ZIP
DREB2
(AP2/ERF)
DREB1/CBF
(AP2/ERF)
DRE/CRT
(G/ACCGAC)
RD29A ERD1
MYB2, MTC2
(MYB, MYC)
NAC
(RD26)
AREB/ABF
(bZIP)
MYBRS, MYCRS
(YAACR, CANNTG)
RD22 Gly
ABRE
(ACGTCCC)
RD29B, RD20A
Signal 
transduction
Transcription
factors
Cis-acting
elements
Gene
expression
Gene function Gene production involved in stress response and tolerance  
Fig. 2.4 Transcriptional regulatory networks of abiotic stress signals and gene 
expression. At least six signal transduction pathways exist in drought, high salinity, 
and cold-stress responses: three are ABA independent and three are ABA dependent. 
In one of the ABA-independent pathways, DRE is mainly involved in the regulation 
of genes not only by drought and salt but also by cold stress. DREB1/CBFs are 
involved in cold-responsive gene expression. DREB2s are important transcription 
factors in dehydration and high salinity stress-responsive gene expression. The NAC 
and HD-ZIP transcription factors are involved in ERD1 gene expression. In the ABA-
dependent pathway, ABRE functions as a major ABA-responsive element. 
AREB/ABFs are AP2 transcription factors involved in this process. MYB2 and 
MYC2 function in ABA-inducible gene expression of the RD22 gene. The RD26 
NAC transcription factor is involved in ABA responsive gene expression in stress 
responses (Shinozaki and Yamaguchi-Shinozaki, 2007; Xiong et al., 2002). IP3, 
inositol 1,4,5-trisphosphate (second messenger). 
Stress-responsive genes are regulated by both ABA-dependent and ABA-independent 
processes. At least six signal transduction pathways exist in drought, high salinity, 
and cold-stress responses: three are ABA independent and three are ABA dependent 
(Shinozaki and Yamaguchi-Shinozaki, 2007). The promoter of drought, high salinity, 
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and cold inducible genes, RD29A/COR78/LT178, contains two major cis-acting 
elements, ABRE (ABA-responsive element) and DRE (Dehydration-responsive 
element)/CRT (C-RepeaT), which function in ABA-dependent and ABA-independent 
gene expression, respectively, in response to abiotic stress (Fig. 2.4; Yamaguchi-
Shinozaki and Shinozaki, 1994, 2005). The DREB1/CBF transcription factor belongs 
to the AP2/ERF family and most of DREB1/CBF target genes contain the conserved 
DRE motif (A/G)CCGACNT sequence in their promoter regions. The target gene 
products of these proteins are consequently involved in establishing stress tolerance 
(Ito et al., 2006; Shinozaki and Yamaguchi-Shinozaki, 2007). The DREB2 genes are 
induced by water deficit and may activate other genes involved in drought stress 
tolerance (Liu et al., 1998). The ERD1 gene is not only induced by dehydration but is 
also up-regulated during natural and dark-induced senescence (Nakashima et al., 
1997).  The promoter of the ERD1 gene contains cis-acting element(s) involved not 
only in ABA-independent stress-responsive gene expression but also in senescence-
activated gene expression (Simpson et al., 2003). DNA-binding proteins interacting 
with these cis-elements were identified as NAC transcription factors (Tran et al., 
2004). 
ABRE is a major cis-acting element in ABA-responsive gene expression (Fig. 2.4). 
Two ABRE motifs are important cis-acting elements controlling ABA-responsive 
expression of the Arabidopsis RD29B gene (Uno et al., 2000). Two basic leucine 
zipper (bZIP) transcription factors, AREB/ABF, can bind to ABRE, thereby 
activating ABA-dependent gene expression (Choi et al., 2000; Uno et al., 2000). 
RD22 gene is mediated by ABA and requires protein biosynthesis for its ABA-
dependent expression. A MYC transcription factor, AtMYC2 (RD22BP1), and a 
MYB transcription factor, AtMYB2, were shown to bind cis-elements in the RD22 
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promoter and co-operatively activate RD22 (Abe et al., 1997, 2003; Fig. 2.4). Over-
expression of both AtMYC2 and AtMYB2 not only resulted in an ABA-
hypersensitive phenotype but also improved osmotic stress tolerance of the transgenic 
plants (Shinozaki and Yamaguchi-Shinozaki, 2007). A drought–inducible RD26 gene 
encoding NAC transcription factor was identified (Fujita et al., 2004) and expression 
of this RD26 NAC transcription factor gene is induced by drought, high salinity and 
ABA.  
In addition, ABA is critical during the second phase (Fig. 2.1) of seed development 
and promotes the accumulation of stored reserves, embryo maturation and the 
prevention of early germination (Phillips et al., 1997; Brocard-Gifford et al., 2003). 
The ABA content in grain was greatly enhanced by water-deficit and significantly 
correlated with activities of sucrose synthase, soluble starch synthase and starch 
branching enzymes (Yang et al., 2004b). Exogenous ABA reduced chlorophyll 
content in flag leaves, enhanced remobilization and increased the rate of grain filling 
(Yang et al., 2003). The results suggested that ABA is involved in controlling plant 
senescence. Enhanced carbon remobilization and accelerated grain filling rate have 
been attributed to an elevated ABA level in wheat plants subjected to water deficit 
(Yang et al., 2001 and 2003; Yang and Zhang, 2006).  
Terminal drought affects carbohydrate metabolism and photosynthesis rates, as well 
as gene expression (Pelleschi et al., 1999; Trouverie et al., 2004). A common 
observation in the dehydration process is the accumulation of soluble sugars 
(Ramanjulu and Bartels, 2002; Bartels, 2005). A correlation between sugar 
accumulation and osmotic stress tolerance has been reported in transgenic 
experiments (Ramanjulu et al., 1994; Gilmour et al., 2000; Streeter et al., 2001; Taji et 
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al., 2002). An example for sucrose accumulation during desiccation occurs in the 
desiccation-tolerant plant Craterostigma plantagineum, where dehydration had been 
suggested to induce the conversion of 2-octulose, an eight-carbon sugar, to sucrose 
(Bianchi et al., 1991). This conversion is correlated with increases in gene expression 
for sucrose synthase (Sus) and sucrose phosphate synthase (Sps) (Ingram et al., 1997; 
Kleines et al., 1999). Water-stressed maize leaves showed a strong induction of 
vacuolar invertase activity that was associated with increases in glucose and fructose 
levels, and with the expression of the vacuolar invertase gene Ivr2. Ivr2 expression 
was enhanced by ABA and glucose (Pelleschi et al., 1999; Trouverie et al., 2004). 
The current hypothesis is that sugars act as osmotic protectants contributing to the 
stabilization of membrane structures (Bartels, 2005). Despite many studies, the link 
between the presence of these carbohydrates and desiccation tolerance has not been 
confirmed (Bartels, 2005). 
2.4 Carbohydrate and drought stress 
2.4.1 The distribution and translocation of carbohydrate  
Water soluble carbohydrate is the dominant component of  non-structural   
carbohydrates (Gebbing and Schnyder, 1999). Mobilization of WSC in stems usually 
starts at about mid-grain filling (Spiertz and Ellen, 1978). On average, the 
mobilization of WSC contributed 72% to total pre-anthesis carbohydrate mobilization 
(Gebbing and Schnyder, 1999). Most of the WSC were mobilized from the stem and 
leaf sheaths (Gebbing et al., 1998), where they are mainly stored in the form of 
fructan (Blacklow et al., 1984; Kühbauch and Thome, 1989). 
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In drought environments, reserves of assimilate present in wheat and barley crops at 
flowering can buffer grain yield during grain filling (Bidinger et al., 1977). This so-
called pre-anthesis assimilate contribution to grain yield in wheat and barley, on 
average, were estimated to be 12 and 22%  in well-watered and water-deficit 
(drought) plants (Table 2.1), respectively, which are below the figures of Gallagher et 
al. (1975; 1976). Similar results were found in the research of Kühbauch and Thome 
(1989) (Table 2.1), where the pre-anthesis assimilates did not contribute greatly to 
grain filling (10%). On the other hand, the average proportions of total crop carbon at 
maturity in the grain (labelling carried out in the post-anthesis period) was 87.5 and 
78% in watered crops and water-deficit crops, respectively (Bidinger et al., 1977) 
(Table 2.1). Gebbing et al. (1999) estimated pre-anthesis reserves contributed 11-29% 
to the total mass of carbon in grain at maturity (Gebbing et al., 1999).  
Table 2.1 Percentage of grain carbon acquired from pre-anthesis and post-anthesis 
carbon pools in wheat and barley in water-deficit treatments. 
 
Bidinger et al., 1977
Kühbauch and Thome, 1989 
Bidinger et al., 1977
Reference
10 10
78
22
average
73
27
Wheat
Water-deficit 
83 87.5 88 87 Post-anthesis
17 12 12 13
Pre-anthesis
Barley Average Barley Wheat
Watered 
Bidinger et al., 1977
Kühbauch and Thome, 1989 
Bidinger et al., 1977
Reference
10 10
78
22
average
73
27
Wheat
Water-deficit 
83 87.5 88 87 Post-anthesis
17 12 12 13
Pre-anthesis
Barley Average Barley Wheat
Watered 
 
2.4.2  Water deficit accelerates the translocation of carbohydrate to seeds 
A transient water deficit during grain filling of wheat could accelerate grain filling by 
facilitating the remobilization of carbon reserves in the stem through regulating the 
enzymes involved in fructan and sucrose metabolism (Yang et al., 2004b; Ehdaie et 
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al., 2006b). If mild soil drying is properly controlled during the later grain-filling 
period in rice and wheat, the gain from the enhanced remobilization and accelerated 
grain filling rate can outweigh the loss of reduced photosynthesis and the shortened 
grain-filling period, leading to increased grain yield, better harvest index and higher 
water use efficiency (Yang et al., 2004a; Yang and Zhang, 2006). Water deficit 
facilitated the reduction in concentration of total non-structural carbohydrates (NSC) 
and fructans in the stems and 
14C increase in the grain of wheat (Yang et al., 2004b). 
Water deficit enhanced sucrose synthase (Sus), soluble starch synthase (SSS) and 
starch branching enzyme (SBE) by 33, 33 and 25%, respectively, which were 
positively related to starch accumulation rate.  Granule-bound starch synthase and, 
soluble and insoluble acid invertase in grain were less affected by water deficit 
compared to the enzymes above (Yang et al., 2004a).  
2.4.3 Soluble carbohydrate plays an important role under abiotic stress 
Synthesis of sugars or compatible solutes has widely been observed as a mechanism 
that may help plants cope with water deficit (Whittaker et al., 2001). The 
accumulation of compatible solutes or osmolytes under osmotic stress is well known 
in many organisms. Osmolytes are synthesized in response to osmotic stress and do 
not interfere with normal cellular biochemical reactions (Ramanjulu and Bartels, 
2002). They help to maintain an osmotic balance under dehydration conditions (Bray 
et al., 2000). Kameli and Losel (1995) reported that carbohydrates and other solutes 
contributed to osmotic adjustment (OA) in wheat leaves under water stress. In durum 
wheat, glucose appeared to be the major contribution to OA, whereas in barley 
sucrose seemed more important (Lewicki, 1993). Van Laere and Van den Ende (2002) 
reported that smaller fructans may exert stronger osmotic effects during water stress.  
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Since the discovery of 6-FEHs in non-fructan plants, new functions for these FEHs 
(which are also not inhibited by sucrose) have been suggested (Van den Ende et al., 
2003b; De Coninck et al., 2005). For example, they might fulfil a defence related 
function, which might prevent bacterial diseases or diminish the toxicity of levans 
(Cairns, 2003), or depolymerize fructans in the apoplast in order to stabilize the 
membrane during cold stress (Livingston and Henson, 1998; Hincha et al., 2000; Van 
den Ende et al., 2001). Vereyken et al. (2003) demonstrated that fructans are capable 
of being inserted between the headgroups of phospholipid vesicles, thus stabilising 
membranes in a manner consistent with drought protection in vivo. These functions 
can be envisaged to contribute to drought, salt and frost tolerance. 
2.4.4 Model for plant fructan biosynthesis  
The substrate for fructan synthesis is sucrose and, like sucrose, fructans are stored in 
the vacuole (Vijn and Smeekens, 1999). Whereas sucrose is synthesized in the 
cytoplasm, fructans are produced in the vacuole by the action of specific enzymes 
(fructosyltransferases) that transfer frucose from sucrose to the growing fructan chain 
(Fig. 2.5). The presence of fructosyltransferases and fructans in the vacuole has been 
shown (Wagner et al., 1983;  Vijn et al., 1997). However, fructan synthesis in 
compartments other than vacuoles, such as prevacuolar compartments, cannot be 
ruled out. The biosynthesis of five classes of fructans (lnulin series, levan series, 
mixed levan (graminan), inulin neoseries, and levan meoseries) is shown in Fig. 2.5 
(Pavis et al., 2001). Another possibility for the production
  of levans, which was 
proposed by Wiemken et al. (1995), involves
  the removal of the β-(2-1)-linked 
fructosyl residue from bifurcose
  by either 1-FFT or exohydrolase (Fig. 2.5). 
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Graninan/levan ratios can change greatly in wheat stems, depending on 
cultivars/environmental conditions (Van den Ende, unpublished results). 
Fructan synthesis in plants might be much more complex than the proposed model 
(Fig. 2.5).
 The different fructosyltransferases tested are able
 to produce several fructan 
molecules depending on the available
 substrate or on incubation conditions (Vijn and 
Smeekens, 1999). For example, additional 1-kestose, 1-SST is able to produce tetra- 
and even pentasaccharides
 from sucrose (Koops and Jonker, 1996; Lüscher et al., 
1996; Van den
  Ende and Van Laere, 1996), and additional neokestose, 6G-FFT
 
produces the inulin tetrasaccharide nystose (Vijn et al., 1997).
  
 
Fig. 2.5 The model of fructan biosynthesis in plants (Vijn and Smeekens, 1999; 
Chalmers et al., 2005). Starting from sucrose, structurally different fructan molecules 
can be produced by the concerted action of different fructosyltransferases and fructan 
exohydrolases (SST: sucrose sucrose transferase; FFT: fructan fructan transferase; 
SFT: sucrose fructan transferase; FEH: fructan exohydrolase) (Kaeser, 1983; 
Wiemken et al., 1995). Both 1-FEH and 6-FEH belong to the GH 32 family of 
glycosylhydrolases as discussed in the text. 
 
Two classes of glycoside hydrolases, hydrolysing fructans, have been defined 
(Yamamoto et al., 1985; Le Roy et al., 2007) and called GH32 and 68. The GH32 
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family contains β-fructosidases, invertases, FEHs and various types of 
fructosyltransferases, differing only in their donor (sucrose or fructan) and acceptor 
(sucrose, fructan or water) specificity (Le Roy et al., 2007). All GH32 enzymes have 
three critical carboxylic acids (Asp86, Glu342 and Asp247) in their active site (Meng 
and Futterer, 2003; Lammens et al., 2008). 
High levels of amino acid sequence similarities between these enzymes reveal 
evolutionary relationships (Van den Ende et al., 2000). Fructan biosynthesizing 
enzymes are closely related to vacuolar invertases (Vijn and Smeekens, 1999; Francki 
et al., 2006; Ritsema et al., 2006), whereas FEHs are closely related to cell wall 
invertases, suggesting that they both evolved from a common β-fructosidase ancestor 
(Van den Ende et al., 2000). Site-directed mutagenesis-based data on Arabidopsis 
thaliana cell wall invertase (AtcwINV) demonstrate an important role for the Asp-239 
residue in both binding and hydrolysis of sucrose (Le Roy et al., 2007). In general, the 
GH32 family of enzymes contain an Asp-239 functional homolog and have sucrose as 
a preferential donor (Le Roy et al., 2007). The Asp239Ala mutant acted as a 1-FEH, 
preferentially degrading 1-kestose. Asp-239 is proposed as a reliable determinant for 
the identification of non-characterized members of cell wall invertases/FEHs (Le Roy 
et al., 2007).  
In the detailed anaysis of Le Roy et al. (2007) a key interaction between Asp239 and 
Lys242 is proposed for defining the ability to hydrolyse sucrose and thus assist in 
defining FEHs.  Consistent with this model, all plant FEHs purified up to now did not 
hydrolyse sucrose and had a clear specificity towards either inulin (1-FEH) or levan 
(6-FEH) type fructans (Van Laere and Van den Ende, 2002; Van den Ende et al., 
2003b).  
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Although the general model for fructan synthesis suggests that sucrose is the only 
substrate for fructan synthesis, fructan
 molecules consisting only of fructose occur in 
plants (Ernst et
 al., 1998; Van den Ende et al., 1998). Theoretically, such
 fructan 
molecules can be produced by the action of endo-inulinases
 or alfa-glucosidases, but 
these enzymes have so far not been detected in plants. One decade ago, it was 
demonstrated that 1-FFT is able to produce fructofuranosyl-only
  oligosaccharides 
from Fru and inulin (Van den Ende et al., 1998).
  
2.4.5 Key factors in the regulation of fructan synthesis and breakdown 
Sucrose: sucrose 1-fructosyltransferase (1-SST) is considered to be the most 
important enzyme for fructan synthesis since SST increases at the same time with 
fructan accumulation (Wagner et al., 1986; Yukawa et al., 1994). Fructan 
exohydrolase (1-FEH), on the other hand, catalyzes the hydrolysis of fructans, leading 
to the release of fructose, which, in turn, has to be converted to the precursors 
required for the resynthesis of sucrose before phloem loading (Simpson and Bonnett, 
1993; Willenbrink et al., 1998). Fructosyltransferases and FEHs can work together at 
the same time in monocots and determine the fructan level while expressions of FT 
and FEH were separated in time in dicots (W. Van den Ende personal 
conversersation). Two isoforms of 1-FEH were purified from the phases of fructan 
biosynthesis (green stems) and breakdown (stems turning yellow) in wheat (Van den 
Ende et al., 2003a). Characterization of the purified enzymes revealed that inulin-type 
fructans [β-(2,1)] are much better substrates than the levan-type fructans [β-(2,6)]. 
These enzymes were named as 1-FEH w1 and 1-FEH w2. 1-FEH activities were 
found to be considerably higher during the fructan breakdown phase (Van den Ende et 
al., 2003a; Yang et al., 2004b; Kawakami et al., 2005). However, it was possible to 
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purify substantial amounts of 1-FEH w2 from young, fructan biosynthesizing wheat 
stems.  In this process, 1-FEH is postulated to be important not only during the period 
of fructan breakdown but also as a putative β-(2,1)-trimmer during the period of 
active fructan biosynthesis (Van den Ende et al., 2003a). Another 1-FEH gene was 
cloned and characterized in Lolium perenne (Lothier et al., 2007). The expression 
pattern of this gene (Lp1-FEHa) was positively associated with the fructan level in 
leaf tissue which supported the hypothesis of a putative β-(2,1)-trimmer during the 
period of active fructan biosynthesis. Recently, 1-FEH w3 was purified from wheat 
stems (Van Riet et al., 2008) and the enzyme hydrolysed mainly β-(2,1) linkages in 
fructans and was inhibited by sucrose. 1-FEH w3 was highly expressed in stems at the 
grain filling stage (Van Riet et al., 2008).  
As discussed earlier, sucrose is a major form of carbon translocation and the main 
storage sugar in plants (Dennis et al., 1997), and occurs in high concentration in the 
vacuole where fructan is also mainly located (Van Riet et al., 2006). Sucrose inhibits 
1-FEH w1, w2 and w3 involved in the degradation of fructan and therefore, when 
there is excess sucrose, the degradation of fructans does not occur (Van den Ende et 
al., 2004). When the demand for grain filling is high and sucrose becomes limiting, 
fructans are degraded by 1-FEHs to release more sucrose and fructose. Therefore, 1-
FEH w1, w2 and w3 are very important for maintaining the flow of carbon required 
for grain filling. 
A 6-FEH from wheat was cloned and functionally characterized by Van Riet et al. 
(2006). This gene exclusively hydrolyses the β-(2-6) bond in a fructan-producing 
plant and is expressed in stems as well as photosynthetically active tissues like leaves 
of one-week-old seedlings and adult plants. The high homology of this 6-FEH with 
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rice invertase (Hirose et al., 2002) and maize CwInv4 (78%), an unbound apoplast 
invertase with a low pI (Kim et al., 2000), which is not inhibited by sucrose, might 
suggest an apoplastic localization, and that 6-FEH might not be involved in reserve 
mobilization (Van Riet et al., 2006).  
Other fructan-degrading exohydrolytic enzymes have been purified from several 
fructan-accumulating plants. An exohydrolase with a [β-(2-6)]-linkage-specific 
fructan- β-fructosidase activity has been purified from perennial ryegrass, and a [β-(2-
1)]-linkage-specific exohydrolase has been purified from Jerusalem artichoke (Marx 
et al., 1997). These enzymes degrade the fructan polymers by removing the terminal 
fructose residue, resulting in the release of free fructose (Henson and Livingston, 
1996; Marx et al., 1997).  
A comparison with different types of tissue from wheat plants at grain filling (Van 
Riet et al., 2006), indicated that 1-FEH activity was mostly present in the stem. 1-
FEH activity in the stem was also measured at different stages (Yang et al., 2004b) 
and the results showed that the maximal FEH activity in well-watered plants appeared 
between 24 to 33 days after anthesis. Consistent with this observation, Kühbauch and 
Thome, (1989) reported that fuctan degradation occurred 21 days after anthesis when 
there was an increase in free fructose concentration in stems. Water deficit 
substantially enhanced the activities of fructan exohydrolase (FEH) and sucrose 
phosphate synthase (SPS) and the activities were positively correlated with the total 
WSC remobilization from stems (Yang et al., 2004b). According to Yang et al. 
(2004b), sucrose levels increased sharply during the reduction of stem WSC (fructans) 
and promoted the re-allocation of pre-fixed 
14C from stems to grain.  
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Fig. 2.6 Illustration of major WSC metabolic pathways and WSC-correlated enzyme 
families. The total mRNA levels of individual enzyme families were determined by 
Affymetrix GeneChip analysis. Red color indicates enzyme families with the total 
mRNA levels positively correlated with stem WSC concentrations; blue indicates 
enzyme families with the total mRNA levels inversely correlated with WSCs; black 
indicates enzyme families that showed no significant correlations. The asterisks (*) 
show potentially positively WSC-correlated enzyme families (Xue et al., 2008). 
Affymetrix GeneChip based studies analysed carbohydrate metabolic families of 16 
recombinant inbred SB (Seri/Babax) lines of wheat differing in stem WSC 
concentrations at anthesis (Xue et al., 2008; Fig. 2.6). The results revealed that the 
mRNA levels of two fructan synthetic enzyme families [sucrose:sucrose 1-
fructosylthansferase (1-SFT) and sucrose:fructan 6-fructosyltransferase (6-SFT)] in 
the stem were positively correlated with stem WSC and fructan concentration at 
anthesis stage while the mRNA levels of enzyme families involved in sucrose 
hydrolysis (sucrose synthase and soluble acid invertase) were inversely correlated 
with WSC concentrations. Enzyme families related to sugar catabolic pathways 
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(fructokinase and mitochondrion pyruvate dehydrogenase complex) and enzyme 
families involved in diverting UDP-glucose to cell wall synthesis (UDP-glucose 6-
dehydrogenase, UDP-glucuronate decarboxylase and cellulose synthase), correlated 
with a reduction  in cell wall polysaccharide contents (mainly hemicellulose) in the 
stem of high WSC lines. However, 1-FEH and 6-FEH were not associated with 
genotypic variation in the stem WSC at anthesis (Xue et al., 2008) most likely the 
authors assessed mRNAs too early in the development of grain filling (see Chapters 5 
and 6). 
2.4.6 External influence on fructan concentration 
Fructan concentration is strongly affected by the intensity of light. The concentration 
of fructan in shaded plants has been measured to be approximately 4.3% of dry 
weight, while sugar (sucrose, glucose and fructose) concentrations in stems were 
similar to unshaded plants until 29 days after flowering, then decreased faster than in 
unshaded plants (Kühbauch and Thome, 1989). In separated studies, using additional 
light to illuminate plants, the fructan concentration increased by 12% (Conocono, 
2002). In the study of Gebbing (2003), fructan concentration was significantly higher 
in wheat peduncle lower unexposed part than up exposed part, and remained 
unchanged during the light period. 
Trimming of inflorescences at full light resulted in increases WSC deposition into 
stems (637 mg·stem
-1  at milk stage) (Kühbauch and Thome, 1989). When 
inflorescences were partially removed, fructan concentration increased greatly until 
the milk stage of kernels (21 days after flowering), but the sugar concentrations 
during this period were not higher than in stems of control plants. 
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2.5 Drought tolerant phenotypes 
2.5.1 Genotypic variation in WSC (sucrose and fructan) concentration in 
response to drought 
2.5.1.1 The inconsistent correlation between the level of WSC and grain yield in 
wheat in response to drought 
Stem WSC is an important source of carbon for grain filling. Fructans are the 
dominant components of the stem WSC (Blacklow et al., 1984; Kühbauch and 
Thome, 1989; Winzeler et al., 1990; Pollock and Cairns, 1991; Schnyder, 1993; 
Gebbing et al., 1998). Differences in fructan accumulation have been observed 
between genotypes (Winzeler et al., 1990). Drought-related fructan accumulation has 
been reported by several authors (Pollock and Cairns, 1991; Hendry and Wallace, 
1993). However, correlation between the level of WSC and grain yield remains 
controversial.  
In wheat, several authors reported that drought tolerance associated with high yield 
was related to high accumulation of stem WSC reserves (Nicolas and Turner, 1993; 
Blum et al., 1997a; Kerepesi and Galiba, 2000; Foulkes et al., 2007b; Snape et al., 
2007; Xue et al., 2008). However, in these studies, there are inconsistent correlations 
between the level of stem WSC and grain yield. For example, two double-haploid 
(DH) populations derived from crosses of Beaver x Soissons and Rialto x Spark in 
two seasons 2000/2001 and 2001/2002 were analysed (Foulkes et al., 2007b). The 
results showed that the stem WSC was positively associated with grain yield under 
irrigation in both seasons (R
2 = 0.13; p < 0.01 and 0.22; p< 0.001, respectively) and 
with drought in the second season (R
2 = 0.35; p < 0.001). However, there was no 
   26
correlation under drought in 2000/2001 (R
2 = 0.05).  In addition, several DH lines 
with high stem WSC levels gave lower grain yields in 2001/2002. The research group 
of Snape et al. (2007) reported that WSC of stem (sheath included) was positively 
associated with grain yield under both drought (R
2= 0.05) and irrigated conditions (R
2 
= 0.13). However, the regression results showed a greater positive correlation between 
WSC and grain yield in irrigated rather than in drought affected crops. 
In a recent study, Yang et al. (2007) used a double haploid population (150 lines) of 
drought tolerant (Hanxuan 10) and sensitive (Lumai 14) varieties to map QTL of traits 
of the stem water soluble carbohydrate (SWSC) at different stages. The majority of 
the corresponding traits had lower correlation coefficients between the traits 
associated with the SWSC and thousand grain weight (TGW) except that the SWSC 
at grain filling (SWSCG) showed significantly positive correlations with 
accumulation efficiency of SWSC (AESWC), remobilization efficiency of SWSC 
(RESWC), TGW at grain filling and maturity, and grain filling efficiency at late grain 
filling (GFEL). Likewise, Evans and Wardlaw (1996) reported that there was no 
simple relationship between grain yield and the amount of reserves mobilized during 
grain filling in wheat. It is likely that some of those reserves are used as energy 
sources in respiration, translocation, maintenance or root growth (McCullough and 
Hunt, 1989; Cruz-Aguado et al., 2000).  
Twenty two bread varieties were grown across several years and sites throughout 
southern New South Wales (NSW), Australia, and WSC concentrations were 
measured at anthesis (Ruuska et al., 2006). The results showed significant and 
repeatable differences in WSC accumulation among genotypes, associated with large 
broad-sense heritability although there were large environmental differences. Across 
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genotypes, a moderate correlation between anthesis WSC concentration and single 
grain weight at maturity was determined (rg = 0.46, P < 0.01). The correlation 
between WSC and grain yield was 0.34 (P <0.05) (Table 2.2). There were exceptions 
(Table 2.2), for example, the yield of Westonia (5.7 t ha
-1) was much lower that that 
of Janz (6.5 t ha
-1) whereas the WSC of Westonia was much higher compared to Janz. 
Ruuska et al. (2006) suggested that the WSC level might not be a reliable trait for 
selecting high yielding varieties. 
Table 2.2. Mean and ranges (in parenthesis) for water soluble carbohydrate 
concentration, single grain weight, and grain yield for different wheat and triticale 
genotypes evaluated across six environments (Ruuska et al., 2006). 
 
 
Stem WSC comparisons of separated parts of the wheat stem were carried out on ten 
diverse bread cultivars and a durum wheat cultivar under two water treatments 
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(irrigated and drought) in field conditions (Ehdaie et al., 2006b). Drought did not 
reduce WSC content in the peduncle (26%) as much as in the penultimate internode 
(36%) and in the lower internodes (32%).  The WSC concentration of the peduncle 
was unaffected by drought while it was reduced in the penultimate and lower 
internodes by 13 and 12%, respectively. In contrast, drought, on average, improved 
mobilization efficiency in the peduncle by 32.8%, in the penultimate internode by 
16.9% and in the lower internodes by 10.7%. The amount of WSC mobilized from the 
peduncle was, on average, similar under both treatments and more WSC (Ehdaie et 
al., 2006b) and dry matter (Ehdaie et al., 2006a) were mobilized from the penultimate 
and the lower internodes under well-watered than under drought conditions. It was 
reported that the WSC-related traits studied are under genetic control, for example, 4 
out of 11 varieties (No. 14; No. 49, Ramona 50 and Anza) had greater post-anthesis 
accumulation of WSC in the peduncle in drought than in well-watered conditions 
whereas another 6 varieties showed a reverse trend, and the remaining one had similar 
WSC levels in both treatments. In addition, the amount of WSC mobilized in the 
peduncle of No. 14, No. 49, Chinese Spring, and Anza (spring) was markedly greater 
under drought than the well-watered treatment, while Ramona 50, Maringa, Anza 
(winter), Express Wincora, and Westbred Turbo showed a reverse trend. This result 
indicates that the total mobilization of WSC from stem to grain is not only dependent 
on the WSC level in the stem but also relies on mobilization efficiency controlled by 
genotypic diversity.  
 2.5.1.2 The genotypic variation in WSC (sucrose and fructan) in other species 
Perennial ryegrass cultivars with different levels of (WSC) concentrations were 
evaluated under controlled environmental conditions using hydroponic culture (Smith 
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et al., 2002). The high WSC cultivars had shoot growth rates that were similar to the 
standard cultivars, confirming that the extra WSC in these cultivars was not made 
available through reductions in yield potential. In addition, the high WSC cultivars 
had less root mass and lower root: shoot ratio than the standard cultivars but these 
traits were not consistent across all high WSC cultivars. When ryegrass was grown in 
a range of Australian environments, the total herbage yield of the high-WSC cultivars 
has often been lower than that of cultivars better adapted to Australian conditions 
(Smith et al., 1998). However, during certain periods of the growing season, herbage 
production by the high-WSC cultivars was equivalent to the local cultivars and their 
high-WSC phenotype was expressed consistently. There is also evidence that cv. 
Aurora (high WSC) had fewer roots at depth than cv. Melle (low WSC) when these 
Perennial ryegrass cultivars were grown under drought conditions in southern France 
(Volaire et al., 1998). 
2.5.2 Other phenotypes related to drought tolerance 
2.5.2.1 Plant size  
The effect of plant size on wheat response to drought stress was carried out by Blum 
et al. (1997b). Plants with large (wild type, rht), medium (Rht1) and (Rht2), and small 
biomass potential (Rht3) were grown in hydroponic culture in a growth chamber using 
polyethylene glycol (PEG) to give a water potential of -0.55 MPa. Shoot biomass in 
the controls of rht was greater than Rht3. Growth reduction by osmotic stress was 
inversely related to plant size while the extent of osmotic adjustment during osmotic 
stress was directly related to plant size. Despite the greater stress tolerance of smaller 
(Rht3) plants, the absolute growth and biomass of large (rht) plants under stress 
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conditions was always better than that of smaller plants. Blum et al. (1997b) proposed 
that plants with high growth rate and large size were used under mild water deficit 
and plants with less depression would be grown when stress is more severe. A similar 
experiment was carried in the field on tall (2 m) and short (1 m) sorghum (Blum et al., 
1997a) and the results indicated that grain weight per panicle was reduced by drought 
stress only in the short genotype. The tall sorghum with greater stem weight at the 
onset of grain filling lost more reserves from the stems during grain filling (r = 0.89, p 
< 0.0001; n = 18). Consequently, stem weight loss as a percent of grain weight per 
panicle increased with larger stem weight (r = 0.73, p = 0.0006; n =18). It was 
concluded that large carbohydrate reserve in the stem at the onset of grain filling 
ascribe stable grain filling under any stress which depresses the photosynthetic source 
during grain filling. 
2.5.2.2 Root system  
Deep root systems and high root: shoot weight ratios contribute greatly to drought 
tolerance (Fukai and Cooper, 1995; Price et al., 1997; Ling et al., 2002; Yue et al., 
2005). Root size of modern cultivars is small due to the early green revolution that 
used dwarf wheat (Waines and Ehdaie, 2007). Root biomass and grain yield increased 
significantly in irrigated and rain-fed conditions using 1RS lines (a translocation from 
rye, Secale cereale) and similar alien translocations (Waines and Ehdaie, 2007). Kubo 
et al. (2006) used a mixture of paraffin and vaseline (PV) as a substitute for 
compacted soil, and measured the number of roots penetrating through the PV disc 
per plant. The results indicate that a large genotypic variation exists in the penetrating 
ability among Japanese wheat cultivars and cultivars with a high penetrating ability of 
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roots detected would be useful genetic resources of wheat to improve yield stability 
under drought and hard soil conditions. 
Root depth in cereals is generally related to the number of main (seminal) thick root 
axes. Such a fibrous root system is well developed in upland rice (Ling et al., 2002; 
Yue et al., 2005). In addition, the renewal of root branching into wet soil immediately 
after rainfall is considered as an important factor in plant recovery from drought stress 
(Blum, 2007b).  
High root length density at depth is useful in extracting water in upland conditions but 
does not appear to offer much scope for improving drought tolerance in rainfed 
lowland rice where the development of a hard pan may prevent deep root penetration 
(Fukai and Cooper, 1995). The high root length density might be a useful trait of 
drought tolerance in wheat. The wheat varieties with high density of roots might have 
a great capacity to extract water compared with low root density varieties. 
2.5.2.3 Leaf water potential and osmotic potential  
Under water-limiting environments, leaf water potential and osmotic potential are 
usually used for measuring the capability of osmotic adjustment (OA) in plants. 
Osmotic adjustment is an effective component of drought tolerance in crop plants 
(Morgan, 1984) and therefore has been used as a selection criterion in traditional crop 
breeding programmes to improve grain yield in dry environments (Morgan, 1980; 
Blum, 1989; Tangpremsri et al., 1991; Zhang et al., 1999; Ma and Turner, 2006). 
Osmotic adjustment can potentially counteract the effects of a rapid decline in leaf 
water potential (Fukai and Cooper, 1995). Osmotic adjustment involves the net 
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accumulation of compatible solutes in a cell in response to a fall in the water potential 
of the cell’s environment. As a consequence of this net accumulation, the osmotic 
potential of the cell is lowered, which in turn attracts water into the cell and tends to 
maintain turgor pressure (Babu et al., 1999). Substantial genotype diversity for OA 
was observed in wheat (Morgan et al., 1986). In field studies, osmotic adjustment may 
not show positive effects on plant growth and grain yield, and some species including 
wheat, barley, sorghum, maize, rice and soybean showed yield advantages to low OA 
(Munns, 1988; Serraj and Sinclair, 2002).  
2.5.2.4 Green leaf retention  
Soil drying at grain-filling induces early senescence, reduced photosynthesis, and 
shortened the grain-filling period of wheat (Yang et al., 2000). Flag-leaf 
photosynthesis in wheat contributes about 30-50% of assimilates for grain filling 
(Sylvester-Bradley et al., 1990). ‘Stay-green’ as a surviving phenotype of plants is 
reported to be a tolerant phenotype to terminal drought stress in cereals (Malabuyoc et 
al., 1985; Borrell et al., 2000; Campos et al., 2004; Foulkes et al., 2007b; Snape et al., 
2007). This trait is important for maintaining the flow of carbon assimilate to the 
grain. 
Four classes of delayed senescence or ‘stay-green’ were described by Thomas and 
Smart (1993). Two of these relate to functionally stay-green effects, corresponding to 
delayed onset of senescence or a slower rate in progress of senescence, whereas the 
remaining two classes related to effects that lack photosynthetic capability. In 
addition, green leaf retention caused by heavy use of nitrogen fertilizers and small 
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size of plants complicates its use as a selection criterion for drought tolerance (Fukai 
and Cooper, 1995; Yang and Zhang, 2006).  
2.5.2.5 Water use efficiency  
Water use efficiency (WUE) is commonly defined as dry matter growth per unit of 
water used and is closely related to transpiration efficiency, dry matter growth per unit 
of water transpired. Instantaneous measurements, the ratio of leaf photosynthesis and 
transpiration, can be used to approximate WUE as instantaneous water use efficiency 
(IWUE). Water use efficiency during the long vegetative growth of wheat is clearly 
important when drought occurs during this period or where high biomass production 
needs to be optimised to the water supply. However wheat improvement by increases 
in water use efficiency has not always resulted in improvements of plants in target 
environments exposed to drought in Australia (Richards, 2003).  
2.5.2.6 Canopy temperature  
The canopy temperature is the temperature in the area of flag leaf sheath. The 
canopy temperature might affected by leaf angle. A suitable leaf angle might reduce 
the transpiration rate which reduce the water consumption, and also reduce the 
surface temperature which might avoid the over heat by sun light. Under drought, 
Olivares-Villegas et al. (2007) observed that low canopy temperature was the 
drought-adaptive trait contributing to a higher yield (r
2 = 0.74, P< 0.0001) in wheat. 
The canopy temperature in wheat was highly heritable (h
2 = 0.65; P< 0.0001) and it 
was suggested that low canopy temperature can be utilised as a selection criteria to 
identify high-yielding wheat genotypes under drought (Olivares-Villegas et al., 
2007).  
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2.6 Quantitative trait loci (QTL) related to drought tolerance 
Understanding the genetic basis of drought tolerance in crops is fundamental to enable 
breeders and molecular biologists to develop new varieties with more drought tolerant 
characters (Zhang et al., 2001). QTL studies identify the chromosomal regions that 
are more consistently associated with drought tolerance. Numerous QTL mapping 
studies examining drought tolerance and related traits in maize, rice, barley and wheat 
have demonstrated that drought tolerance is drought tolerance is complex and is 
comprised of contributions from multiple loci (McCouch and Doerge, 1995; Quarrie, 
1996; Diab et al., 2004). Many genes may be involved in drought tolerance 
mechanisms, and the identification of several QTL involved in drought or dehydration 
tolerance in rice (Lilley et al., 1996), maize (Lebreton et al., 1995) or in sorghum 
(Borrell et al., 1999) has confirmed their polygenic nature. Furthermore, several 
modifications of gene expression were observed under water stress (Close et al., 1989; 
Bray, 1997; Grover, 1999; Forster et al., 2000). The expression of stress-induced 
genes is an essential part of tolerant mechanisms, but for many of these genes no 
direct role in tolerance has been clearly demonstrated. Some of the QTL involved in 
drought tolerance may correspond to such genes acting directly or in regulatory 
functions. Consequently, the location of these candidate genes in wheat, rice, barley 
and ryegrass near or within QTL involved in adaptation could give some information 
on their role as well as direction for further research (Diab et al., 2004; Hazen et al., 
2005). 
2.6.1 QTL of drought tolerance and high yield in wheat 
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A population of 96 doubled haploid lines (DHL) of Chinese Spring × SQ1 (a high 
ABA-expressing breeding line) was used to identify QTL for yield and yield 
components from 24 combinations of site × treatment × year, including nutrient 
stress, drought stress (no irrigated) and salt stress treatments (Quarrie et al., 2005). 
One or more QTL for yield were identified on every chromosome, with chromosome 
5B having the most (26) and chromosome 6D the least (3). The group-5 chromosomes 
gave the largest number of yield QTL (67) and the group-6 chromosomes the least 
(23). Under stressed conditions (2 g plant
-1), five DHLs among the six highest 
yielding DHLs had the high-yield allele at the five most significant locations for yield 
(SQ1 at 3BS, 4AS, 4BS, 5AS, 7AL; CS at 1DS). Under optimum conditions, there 
were also high-yield QTL (SQ1 at 2BS, 3BL, 5BL; CS at 4AL and 7BL). The 
thousand grain weight (TGW) QTL cluster was on 6B centromeric region which was 
in a homoeologous position to a yield QTL region identified by Blanco et al. (2002) 
that is near Xrsq805 on 6A. An association between an inter (I) –SSR marker on 
wheat 6BL and TGW has also been reported (Ammiraju et al., 2001). A yield QTL in 
the centromeric region of 6B was also found by Ayala et al. (2002) using the 
International Triticeae Mapping Initiative (ITMI) population. Grain number per ear 
was found on the group-7 long arms (Quarrie et al., 2005). The QTL are shown in 
Table 2.3. 
The major TGW QTL were near the centromere region of 6B on the backcross 
population of Durum × Triticum dicoccoides in rain-field and irrigated condition 
(Elouafi and Nachit, 2004). The statistical analysis showed significant peaks of TGW 
in chromosomes 4B, 6A and 6B with main and QTL x Environment (E) interaction 
effects (Table 2.3). The major peak on 6B was wide (approximately 50 cM) with five 
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prominent peaks and was near the centromeric region of 6B (28%). The major QTL 
explained 32% of the total variation, of which 25% was of genetic origin.  
A new but significant QTL for wheat yield on 6A was found across seasons and 
environments, accounting for between 9-12% of the genotypic variation (Snape et al., 
2007) based on the analysis of wheat DH population grown over different 
environments (rain-field and irrigated) and seasons. They also found flag leaf 
senescence (stay-green) was the most significant in drought interactions and enabled 
continued photosynthesis at grain filling. A strong QTL for flag leaf senescence (stay-
green) was located on wheat group 2. A similar result was found by Verma et al. 
(2004) and the coincidence of QTL for senescence [green leaf retention (GLR)] on 
chromosomes 2B and 2D (Table 2.3).  
2.6.2 QTL for drought tolerance and high yield in barley 
Candidate genes and differentially expressed sequence tags (dESTs) for drought 
response (yield and physiological changes under water deficit) were mapped in a 
population of 167 F8 recombinant inbred lines derived from a cross between Tadmor 
(drought tolerant) and Er/Apm (adapted only to specific dry environments) in dry 
areas (Diab et al., 2004). 
Osmotic potential (OP) and relative water content (RWC) are components of osmotic 
adjustment (OA) and are highly correlated (Teulat et al., 1997) because OA is 
calculated using OP. Two QTL were identified for OA, one on chromosome 3H and 
one on 5H (Diab et al., 2004). For RWC, six QTL were detected under water stress. 
Seven QTL were identified for OP and the seven QTL were detected on all 
chromosomes except 7H (Diab et al., 2004) (Table 2.3).     37 
Table 2.3 Conserved genomic regions associated with genes and QTL of various physiological responses to drought in wheat, barley, ryegrass 
and rice (drought traits were covered in yellow; well-watered: no colour, traits for both drought and well-watered: in green). 
Wheat   1AS  1BL  1DS  2BS  2D  3BS  3BL  3DL  4AS 4AL  4BS 4BL 4DL  5AL  5BS  5BL 5DS 5DL  6A  6BS  6BL 7AL 7BS  7BL 
Trait   GY 
GN 
GY 
GN 
TGW
GY 
GY 
GLR 
GN 
GLR  GY 
TGW GY  GY  
TGW  GY 
GY 
GN  
TGW 
GY 
HY 
GN 
GY 
GN 
TGW
GY 
TGW 
GY 
GN 
TGW 
GY 
GN 
TGW
GY 
GN 
TGW
GY 
GN 
GY 
GN 
TGW 
GY 
TGW
GY 
TGW 
GY 
TGW
GY 
GY 
GN 
GY 
GN 
TGW 
GY 
GN 
Barley 1H  2H  3H  4H  5H  6H  7H 
Traits  OP; WSC; DT   OP; WSC 
WSC; DT 
RWC; OP; WSC; 
RWC; WSC; DT; OA 
HY;WSC 
OP; WSC; C
13;DT 
 HY; RWC; OP; WSC C
13 
OP; WSC; C
13;OA 
HY;OP 
RWS;DT 
RWC;WSC 
RWC; WSC;DT 
Barley  
gene  HVA1  HvMYB4  Crg3B  Dhn 13  Dhn 1, 2, 4a, 9;  LOS 2  Dhn3-4; Dhn 5-7  FRY1; ICE1 
Ryegrass LG1  LG2  LG3  LG4  LG5  LG6  LG7 
Trait   WSC; Fructan  WSC; Glucose 
Sucrose  WSC   WSC;  Glucose  WSC; Fructan;  
Glucose; Frutose  WSC 
Rice   5  7L  4    1L  6S   3S  11  3L  9  12L  3L    2  6L  6S 8  6L 
Trait 
BRT;SFW; RFW 
SWU;MRL; GY 
RN 
BRT;RN;  
RGR;MRL
GY; 
RS; PH 
RGR 
   
BRT;RN 
SFW;PH; 
RDW;RAL 
BI;MRL 
GY;RFW 
GW   
BRT; RN 
IDR;PH  
RTW  
SEU;BI; 
RDW;SDW,  
GY; HD; 
PN; RS 
  
BI; RDW;RFW;PH; 
BRT;  
RN RFW; MR; IDT; 
GH;MRL; SFW 
 
IDR; RS; GY; PH;  
OA 
 
Same  
as 3S 
before 
 
 
 
 
 
BI; 
RDW
OA 
 
 
 
BRT; MRL 
 RN HD PH;GY 
RDW;PH 
RS;RN 
Same 
as 3S 
before
 
BRT;IDR;RS; 
RGR;SWU 
MRL;SFW; 
GY; PH; 
RN;RFW;RGR;
SWG; SDW; 
MRL; PH; HD
BRT;RW;IDR; 
PH;SWU;GY HD; 
RFW;PN PH; 
RS SFW;B1; 
RDW;SDW; OA 
Rice gene  rpf5.1  prt7.1  rpi4.2   
prt1.1; 
prt1.2; 
trdw1.1 
Prt6.1; trdw6.1 oa3.1;rpi3.1;  
brt3.1; rpf3.1;rpf3.2 
 
 
oa9.1
 
rpi12.1;prt12.1; 
prdw12.1; brt12.1; 
prt12.2 
  
oa2.1; 
brt2.1;prt2.1  
prt2.2; rpf2.1 
Trdw2.1 
prt6.1;trdw6.1;oa8.1 
  
Traits: BI, Branching index; BRT, basal root thickness; C
13, carbon isotope; DT, drought tolerance; GLR, green leaf retention; GN, grain number; GY, grain 
yield; HD, heading date; IDR, index of drought tolerance; MRL, maximal root length; MRL, maximum root length; OA, osmotic adjustment; OP, osmotic 
potential; PH, plant height; RAL, root axis length; RDW, root dry weight; RFW, root fresh weight; RGR, relative growth rate; RN, root number; RS, root to 
shoot ratio; RWC, relative water content; SFW, shoot fresh weight; SWU, specific water use;  TGW, thousand grain weight; WSC, water soluble 
carbohydrate; WUE, water use efficiency. Genes: Crg, circadianly regulate gene; Dhn, dehydrin; FRY, protein coding; Hv, Barley; HVA, ABA or stress 
regulated gene; ICE, Interleukin 1-beta converting enzyme; oa, osmotic adjustment; rdw, penetrated root dry weight; prl, penetrated root length; prt, 
penetrated root thickness; rpf; root pulling force; rpi, root penetration index; trdw, total root dry weight. 
   38
Thirteen QTL for WSC were detected. Nine were detected under irrigation, two each 
on chromosomes 2H, 5H, and on 7H and three on 4H. Four QTL were identified 
under stress conditions (one on 2H and 1H, and two on 5H) (Diab et al., 2004). In 
Teulat et al. (2001), only one QTL was identified for WSC under water stress  (no 
irrigated) on chromosome 2H. They reported no significant QTL for WSC under 
irrigated conditions (Table 2.3). 
Two QTL for carbon isotope discrimination under irrigated field conditions (4H and 
5H) were detected in addition to two QTL under rainfed conditions (1H and 5H) 
(Diab et al., 2004; Table 2.3).  
Genomic regions were found where QTL for different traits overlapped (Diab et al., 
2004). The genomic regions with the most overlapping traits, for example, OA, OP, 
WSC, RWC, were near the marker caaaccO and BM816463b on chromosome 3H and 
HVM36 on chromosome 2H. Considering confidence intervals around QTL position 
estimation, these chromosomal regions could be considered to be similar. Overlapping 
QTL were also found on the short arm of chromosome 4H (OP, WSC and carbon 
isotope discrimination) and the long arm of 1H (OP, WSC and carbon isotope 
discrimination) (Table 2.3). 
Two genes co-segregated with QTL for RWC and WSC. The Acl3 locus on 
chromosome 7H, which is associated with QTL for RWC and WSC100 codes for the 
barley acyl carrier protein III (Hansen and Von Wettstein-Knowles, 1991) whose role 
in drought tolerance has not been established. This gene encodes a co-factor protein of 
the fatty acid synthetase involved in the de novo synthesis of the fatty-acyl chain, 
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especially in chloroplasts. This gene could have a role in the protection of membranes 
or in membrane fluidity during stress (Diab et al., 2004). 
The gene bSS1B, coding for sucrose synthase (de la Hoz et al., 1992), co-segregated 
with a QTL for RWC.  Sucrose synthase is a key enzyme in carbohydrate metabolism, 
catalysing the reversible conversion of sucrose and uridinediphosphate into fructose 
and UDP-glucose (Kleines et al., 1999). Another co-segregated gene, dhn4, was found 
and mapped on chromosome 6H. This dehydrin is a member of protein family that are 
synthesized in plants in response to dehydration, low temperature, osmotic stress, seed 
drying and exposure to abscisic acid. Eleven barley Dhn genes have been identified 
and sequenced (Close et al., 1989). Inheritance studies showed that Dhn genes are 
associated with drought and freezing phenotypes. The first such observation was in 
barley, where a cluster of Dhn loci (Dhn 1, Dhn 2 and Dhn 4a) overlapped a major 
QTL for winter hardiness in a winter (Dicktoo) by spring (Morex) dihaploid mapping 
population of chromosome 5H (Pan et al., 1994) (Table 2.3). 
Tondelli et al. (2006) mapped regulatory genes as candidates for cold and drought 
stress tolerance (DT) in barley using three double haploid populations of six parental 
genotypes (Nure ×  Tremois, Proctor × Nudinka and  Steptoe × Morex). Four out of 
12 drought tolerance QTL were co-located with regulatory candidate genes, on 
chromosomes 2H, 5H and 7H, and two QTL with effector genes, on chromosomes 5H 
and 6H (Table 2.3).   
Phenotype/genotype associations for yield and salt tolerance in a barley mapping 
populating segregation for two dwarfing genes was carried by Ellis et al. (2002) using 
156 DH lines of a cross of Derkado (prostrate semi-dwarf phenotype sdw1/Ari-e.GP) 
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and B83-12/21/5 [a breeding line of the Scottish crop Research Institure (SCRI) with 
erect semi-dwarf phenotype Sdw1/ari-e.GP] in glasshouse and field trials. Two QTL 
of grain yield (HY), which were independent of dwarfing genes, were identified on 
chromosome 4H and 6H apart from another QTL that was located on 5H (Ellis et al., 
2002) (Table 2.3).  
2.6.3 QTL of drought tolerance and high yield in rice 
In a study of drought tolerance QTL in pot experiments in a glasshouse using a rice 
genome array (Hazen et al., 2005), four kinds of genes, sucrose synthase, a pore 
protein, a heat shock and an LEA protein, were suggested to play a role in maintaining 
high OA and membrane stability. Chromosome 3 contains several genes that are up 
regulated and encode known components of the abiotic stress response in plants, 
including a pore protein (OS009470_f_at), sucrose synthase (OS021052.1_at), and a 
heat-shock protein (OS000506_f_at). The region also contains a gene that encodes a 
eukaryotic cap-binding protein (OS012616.1_at), one of which has been implicated in 
the modulation of the ABA response pathway in Arabidopsis (Hugouvieux et al., 
2001). In the research of Zhang et al. (2001), the oa3.1 QTL was located on 
chromosome 3 between EM17_1 and C63 (Table 2.3). Based on the syntenic 
relationship between maize and rice (Ahn and Tanksley, 1993), this corresponds to 
the UMC11 region of maize chromosome 1. The UMC11 region is associated with 
stomatal conductance, xylem ABA concentration and root pulling force under drought 
and other stress conditions (Lebreton et al., 1995), leaf ABA concentration (Tuberosa 
et al. 1998), anthesis-silking interval (Ribaut et al., 1996), enzymatic activity involved 
in carbohydrate metabolism (Prioul et al., 1997) and yield components (Agrama and 
Moussa, 1996; Ribaut et al., 1996, 1997; Austin and Lee, 1998). 
   41
A gene for protein phosphatase 2C (OS012021_at) located at chromosome 8 is 
significantly induced in high OA lines (Hazen et al., 2005). Protein phosphatase 2Cs 
have been implicated by several authors (e.g., Meyer et al., 1994; Miyazaki et al., 
1999) to be involved in the signal-transduction of the abiotic stress response. The 
oa8.1 QTL on chromosome 8 for osmotic adjustment identified in the study of Zhang 
et al. (2001) was located in the same genomic region as the OA QTL detected by 
Lilley et al. (1996).The genomic region is homologous to wheat chromosome 7 S 
where a single locus putatively associated with OA was identified (Morgan and Tan, 
1996), and to barley 7H where osmotic adjustment related traits were identified by 
Teulat et al. (1998) (Table 2.3).   
Three genes found on chromosome 9 were exclusively induced in high OA lines: a U2 
snRNP auxiliary factor (OS000194_at), ER lumen protein-retaining receptor 
(OS012283), and an epimerase (OS018926_at). Gene oa9.1 vs R1751 for osmolyte 
accumulation on chromosome 9 which is broadly syntenic to wheat 5AL (Quarrie et 
al., 1994) indicated that the conserved genomic region for drought response was 
found between wheat and rice (Zhang et al., 2001) (Table 2.3). 
In the study of 154 lines of rice DH of CT9993/IR62266 in pot experiments in a 
glasshouse (Zhang et al., 2001), root traits [including root penetration index (rpi), 
penetrated root thickness (prt), root pulling force (rpf); total root dry weight (trdw), 
penetrated root dry weight (prdw), penetrated root length (prl)] were investigated 
(Zhang et al., 2001). The QTL of root penetration ability on chromosome 4 was 
identified to rpi4.2 (RG939-RG476-RG214) (Zhang et al., 2001) which was common 
to the QTL (RG214-RG476) identified in CO39/Moroberekan (Ray et al., 1996) and 
QTL (RG214) identified in the IR64/Azucena (Zheng et al., 2000) populations (Table 
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2.3). The same population (CT9993/IR62266) of Zhang et al. (2001) was used to 
identify the near-isogenic lines (Prabuddha et al., 2008). The trait was significantly 
different between well-watered and low moisture stress conditions. Toorchi et al. 
(2002) reported that genotypes performing well under well-watered conditions may 
not perform well under low moisture stress conditions. 
A large set of 254 introgression lines in an elite indica genetic background were 
evaluated for grain yield (GY), heading date (HD) and plant height (PH) under 
irrigated (control) and drought (no irrigated; 60 days after transplanting) conditions in 
two consecutive years (Xu et al., 2005). A total of 36 QTL were identified  which 
included 12 QTL that were expressed under both the drought and irrigated conditions, 
17 QTL that expressed under irrigation but not under drought and 7 QTL that were 
apparently induced by drought (Table 2.3).  
Root traits of a double haploid population (116 lines) from a cross of IRAT109 
(upland variety) and Yuefu (lowland variety) were evaluated in three different 
growing conditions (upland, lowland and PVC-pipe) (Li et al., 2005). The traits 
included basal root thickness (BRT), total root number (RN), maximal root length 
(MRL), root fresh weight (RFW), root dry weight (RDW), ratio of root fresh weight 
to shoot fresh weight (RFW/SFW) and ratio of root dry weight to shoot dry weight 
(RDW/SDW). BRT was positively correlated to drought tolerance defined as ratio of 
yield in drought : well-watered conditions. Table 2.3 shows the QTL. The same 
population was used for mapping QTL of root morphological traits at seedling, 
tillering, heading, grain filling and maturity (Qu et al., 2008). The results showed 
BRT was positively correlated to MRL at the majority of growth stages but not 
correlated with RN. MRL was not correlated to RN except at the seedling stage. BRT, 
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MRL and RN were positively correlated to RFW, RDW and root volume (RV) at all 
growth stages. The results of Qu et al. (2008) indicated that BRT, MRL and RN had 
additive effects to drought tolerance.  
Seedling characteristics of a recombinant inbred population derived from a cross 
between Zhenshan 97 and Minghui 63 were carried out using hydroponic culture and 
water deficit imposed by PEG 6000 (Cui et al., 2008). The two parents showed 
significant differences in plant height (PH), maximum root length (MRL), shoot fresh 
weight (SFW), root fresh weight (RFW), root number (RN). The traits QTL are 
shown in Table 2.3. 
Similar experiments were carried out by Kato et al. (2008) to identify QTL for 
drought tolerance in rice seedlings using hydroponic culture with (stressed condition) 
and without (non-stressed condition) PEG. A backcross inbred population (106 lines) 
of Akihikari (lowland cultivar) and IRAT109 (upland cultivar) were used to measure 
the relative growth rate (RGR), specific water use (SWU) and water use efficiency 
(WUE). The results showed that the QTL of relative growth rate and specific water 
use  on chromosome 2 might be the core of stress tolerance in rice because the relative 
growth rate is considered the most straight forward parameter of drought tolerance at 
the vegetative stage (Turner et al., 1986; Courtois et al., 2000). This observation is 
important to wheat because the rice chromosome 2 is broadly syntenic to group 6 in 
wheat. The same population was used to measure root axis length (RAL), branching 
index (BI) and root dry weight (RDW) one month after sowing in a growth medium 
under lowland conditions with daily watering (Horii et al., 2006). Two QTL of RAL 
were detected on chromosome 1 and 9. Three QTL of BI were on chromosomes 1, 6 
and 11. Four QTL of RDW were detected on chromosomes 1, 6, 9 and 11 (Table 2.3). 
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2.6.4 QTL of drought tolerance and high yield in ryegrass 
WSC was measured in perennial ryegrass in pot experiments in a glasshouse using 
183 progeny of p150/112 generated at the Institute of Grassland and Environmental 
Research, Aberystwyth, UK (Cogan et al., 2005). Two of the WSC QTL were 
identified on LG5 from the 1998 harvest dataset together with a significant marker-
trait association (p<0.01) on LG2 (Cogan et al., 2005). Furthermore, the WSC QTL 
were also identified on LGs 1 and 7 (1999) and LG3 (glasshouse trial 2002). The 
study of substantial macrosynteny between the genomes of perennial ryegrass and the 
Triticeae cereals (Jones et al., 2002) provided comparative relationships of shared 
traits and metabolic processes (Table 2.3).  
In perennial ryegrass, the QTL of WSC in F2 population of 188 plants,  produced by 
self-pollinating a single F1 hybrid plant of the varieties Perma and Aurora, were 
mapped on chromosomes 1, 2, 5 and 6 in pot experiments in a glasshouse (Turner et 
al., 2006; Table 2.3). The variation in total WSC, polymeric fructan, oligomeric 
fructan, glucose and fructose were mapped to chromosome 6 which is homologous to 
wheat group 6. This indicated that the control of important features of WSC is likely 
to be located on wheat chromosome group 6 (Table 2.3).   
2.7 Summary  
Among the various abiotic stresses, drought is the major factor that limits crop 
productivity worldwide. Exposure of plants to a water-limiting environment during 
various developmental stages appears to activate various physiological and 
developmental changes. It is still a major challenge in biology to understand the 
 a 
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basic biochemical and molecular mechanisms for drought stress perception, 
transduction and tolerance.  
Plant modification for enhanced drought tolerance is mostly based on the 
manipulation of either transcription or signalling factors or genes that directly protect 
plant cells against water deficit. The involvement of ABA in the up- down-regulation 
of acid invertase in crop source (adult leaves) and sink (young ovaries) organs 
indicates a crucial role of the hormone in balancing source and sink relationship in 
plants according to the availability of water in the soil. WSC in the stem as a long 
term stored reserve is a source of carbon for grain filling in water-deficit 
environments. However, it is still controversial if high stem WSC concentration is 
positively related to either high yield or drought tolerance. Physical traits have been 
reported to be related to drought tolerance, for example, plant size, root system, leaf 
water potential and osmotic potential, green leaf retention, water use efficiency and 
canopy temperature. QTL of these traits might enhance drought tolerance in wheat 
breeding.  
In this thesis, four varieties with different stem WSC levels were used to measure 
physiological parameters for two years in glasshouse water-deficit experiments and a 
field drought experiment in order to examine the correlation between the level of 
stem WSC and grain yield relative to drought tolerance. The materials prepared in 
glasshouse experiments were used for molecular work to investigate the candidate 
genes which were correlated to the level of the stem WSC and grain yield.    46
Chapter 3: 
Accumulation and remobilization of stem water soluble 
carbohydrate differs with wheat genotype under terminal 
water deficit 
 
Abstract 
Stem water soluble carbohydrate (WSC) in wheat is a source of grain filling. 
However, it remains controversial that the level of stem WSC is a suitable criterion 
for detecting drought tolerance in wheat breeding. To investigate any correlation 
between the level of stem WSC, grain yield and leaf gas exchange, three pot 
experiments were undertaken to characterize bread wheat varieties. Water-deficit 
accelerated the remobilization of stem WSC in Westonia and Bt-Schomburgh but 
not in Kauz and Janz. Under water-deficit, Westonia showed lower levels of WSC 
than Kauz but did not show a corresponding drop in grain yield. The results from 
pot experiments suggest that stem WSC level is not, on its own, a reliable criterion 
to identify potential grain yield in wheat exposed to water-deficit during grain 
filling. The instantaneous water use efficiency, osmotic potential and green leaf 
retention appear to provide better indicators for pre-selecting drought resistance, but 
this requires validation in field grown plants. 
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3.1 Introduction 
Drought is one of the major environmental stresses causing reduction in crop yield 
around the world (Bruce et al., 2002). In wheat fields, terminal water-deficit 
intensifies from anthesis to about 4 weeks later and severe drought usually occurs 
from a month after anthesis to maturity (Conocono, 2002), especially, in Western 
Australia. Grain filling in cereals depends on carbon from two resources: current 
assimilates from photosynthesis transferred directly to the grain and assimilates 
redistributed from reserve pools in vegetative tissues either pre-or post-anthesis 
(Pheloung and Siddique, 1991; Kobata et al., 1992; Schnyder, 1993). Reserve pools 
provide the substrate needed to maintain transport and supply of assimilate to grain 
during the dark period of the diurnal cycle and during the later grain-filling period, 
when the photosynthetic apparatus is senescing and the rate of dry matter 
accumulation of grain exceeds the rate of dry matter accumulation of the total crop 
(Schnyder, 1993; Foulkes et al., 2002). Soil drying after anthesis causes accelerated 
mobilisation of stored carbohydrate reserves to the grain and a shorter but more 
intensive period of grain filling (Gallagher et al., 1976; Bidinger et al., 1977; Austin 
et al., 1980; Gaunt and Wright, 1992; Yang et al., 2000). The stems of rainfed wheat 
were found to have significantly higher average total carbohydrate (1.8-fold) and 
fructan (2.5-fold) concentrations compared to that of irrigated plants (Kerepesi and 
Galiba, 2000; Conocono, 2002; Goggin and Setter, 2004). It was also estimated that 
pre-anthesis reserves contributed up to 74% to the grain yield of barley and 57% to 
the grain yield of wheat (Gallagher et al., 1976) when crops suffered from post-
anthesis drought. Under terminal drought, the impact of shoot carbohydrate 
remobilization has greater significance because post-anthesis assimilation is limited, 
and grain growth depends on a greater extent, on translocation of carbohydrate 
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reserves (Davidson and Birch, 1978; Nicolas et al., 1985; Palta et al., 1994; Blum et 
al., 1997a). Hence, under terminal drought, there was a strong association between 
yield and high shoot carbohydrate concentrations at flowering (Nicolas and Turner, 
1993; Blum et al., 1997a; Foulkes et al., 2007b; Xue et al., 2008), but there is an 
inconsistent correlation between high stem WSC and grain yield (Evans and 
Wardlaw, 1996; Ehdaie et al., 2006 a and b; Ruuska et al., 2006).  
In order to demonstrate the usefulness of the stem WSC content, more robust 
physiological, biochemical or molecular traits are required to rapidly pre-screen 
wheat lines for resilience to terminal drought and thus to determine their 
relationship to stem WSC. Therefore, this study was undertaken to: 1) assess the 
correlation between the level of stem WSC and grain yield; and 2) define leaf water 
relations during grain fill in three wheat varieties subjected to terminal drought. The 
objectives of this study are to investigate the correlations between the stem WSC 
and grain yield using different genotypes of bread wheat varieties and to observe 
different physiological responses to water-deficit.  
3.2 Materials and methods 
   3.2.1 Experiment design and cultivars 
Three water-deficit experiments were carried out in pots over two years using a split 
pot design (well-watered/water-deficit from anthesis) with 3 replications at 
Murdoch University in order to mimic the terminal drought condition often 
experienced in WA. Experiment 1 (2005) was a preliminary experiment using four 
wheat (Triticum aestivum L.) cultivars, Bt-Schomburgh, Janz, Kauz and Westonia. 
In 2006, two water-deficit experiments (Experiment 2 and 3) were carried out to 
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confirm and expand the 2005 results using Janz, Kauz and Westonia. Experiment 3 
(2006) repeated  Experiment 2 for three cultivars. Kauz and Westonia were 
investigated in molecular level (Chapter 6) in 2006 (Experiment 2) based on the fact 
that Westonia has consistently high yield (~2.5 t/ha) in the medium and low rainfall 
regions of Western Australia and had high concentrations of shoot carbohydrates 
during flowering (40±5% dry weight) (Conocono, 2002; Littlewood and Garlinge, 
2002). Kauz has high concentration of shoot carbohydrates (~40%) and is 
considered to be drought tolerant (Rajaram et al., FAO corporate document 
repository). In contrast, the shoot carbohydrate concentration of Bt-Schomburgh and 
Janz during flowering was around 25% which showed a lower yield (~2 t/ha) in 
Western Australia (Littlewood and Garlinge, 2002). The flowering time of Janz and 
Kauz was 6 and 2 days later in WA field compared with Westonia while Bt-
Schomburgh was similar to Westonia (T. Setter personal conversation). When they 
were germinated in fridge (4°C), the flowering time of Janz was similar to others 
(from this experiment). 
3.2.2 Water deficit protocol 
Plants were grown in glasshouse facilities at Murdoch University. The potting mix 
used was a standard soil mix at Murdoch University. There were 12 and 15 pots in 
each replicate in Experiments 1 and 2. In total, there were 288 pots plus 30 pots for 
buffer in Experiment 1 and 270 pots plus 40 pots for buffer in Experiment 2. Seeds 
were pre-germinated by soaking for 19 days at 4°C. Pre-germinated seeds were 
planted in 4L free-draining pots filled with potting mix to give six plants per pot. 
The potting mix consisted of two parts composted pine bark, one part coconut fibre 
peat and one part river sand. Basal fertilizers (mg kg
-1: 1220 N, 368 P, 819 K plus a 
   50
standard micronutrient mix) were incorporated with the potting mix. Pots were 
watered three times a day, using mats underneath the pots, until anthesis. In 
Experiments 1 and 2, water was withheld from half of the pots (water-deficit) one 
day after anthesis while the other half was kept well-watered (following the same 
regime as before anthesis) until maturity. In well-watered plants of Janz, Bt-
Schomburgh, Westonia, Kauz, water was withheld after 44, 49, 47 and 44 days post 
anthesis, respectively, in Experiment 1; water in Janz, Westonia and Kauz was 
withheld 40, 39 and 37 days post anthesis, respectively, in Experiment 2 and 3. 
Weights of unwatered pots were recorded daily to determine the gravimetric water 
content (Fig. 3.1). In Experiment 3, pots for the water-deficit part of the experiment 
were wrapped individually in plastic bags at anthesis to reduce evaporative water 
loss and water was added to maintain the water content between 33 to 40% of the 
well-watered control.   
Pots were rotated every other day to ensure that all plants received equal radiation 
exposure. Glasshouse temperature ranged from 15°C (night) -35°C (day). The roof 
screen was set at 500 µmol m
-2s
-1, giving a range at midday from 400-700 µmol m
-
2s
-1. The humidity was 60-70%.  
The soil water retention curves, determined by the pressure plate technique 
(Cresswell, 2002), are shown in Fig. 3.1. Soil held 109% water at field capacity (soil 
water matic potential [Ψsoil] =-0.01MPa) and 33% at permanent wilting (Ψsoil = -
1.5 MPa). 
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Fig. 3.1 (a) Pot soil water metric potential (Ψsoil) as a function of volumetric soil 
water content for the potting mix soil; (b) Soil water content in pot experiments 
when controlled soil drying was applied at anthesis for spring wheat in Experiment 
1, Experiment 2 and Experiment 3. (◇, Bt-Schomburgh; ○, Janz; ã, Kauz; □, 
Westonia; open symbol = water-deficit and closed symbols = well-watered; vertical 
bars represent ±SE of the mean of three replicates).   
 
3.2.3 Plant harvest 
For WSC analysis, plants in Experiments 1 and 2 were harvested two weeks before 
anthesis and then weekly after anthesis to grain maturity, between 1100 and 1700 h, 
to establish the shoot carbohydrate pattern during grain filling. Experiment 3 was a 
small additional experiment to specifically assay grain yield and hence WSC 
accumulation studies were not carried out. The final harvest was taken at 60 days 
after anthesis and designated as the maturity harvest. The main stem and associated 
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leaf sheath of two to four plants were combined into one sample and directly put on 
dry ice. Main stems were identified at the mid-tillering stage. Frozen plant samples 
were chopped into less than 5 mm pieces and divided into two parts. One was stored 
at -80°C for RNA analysis (Chapters 5 and 6) and the other stored at -20°C, freeze-
dried then oven-dried for WSC analysis. Dry weights of the main stems, tillers and 
their respective ears were recorded. The leaf sheath was included with the stem.  
At maturity, main stem and tiller ears were weighed separately, and the spikelet, 
floret number and peduncle length were determined. The ears were threshed 
manually, grains per main stem and tillers were counted then oven-dried (75°C) for 
3 days, and dry weight determined.  
3.2.4 Carbohydrate analysis 
Dry main stem samples were ground to pass a 0.5 mm sieve using a hammer Cutter 
laboratory mill (Glen Creston, England) and 100 mg aliquots were taken for 
carbohydrate analysis (Fales, 1951; Yemm and Willis, 1954; Conocono, 2002). 
Carbohydrates were extracted using boiling deionized water and quantified by 
colorimetry using the anthrone reagent [0.2g anthrone with 100 ml H2SO4 (98%)]. 
The anthrone method of analysis was selected over the more rapid NIR 
spectrometry because direct estimates of soluble carbohydrates were required 
(Fales, 1951; Yemm and Willis, 1954; Conocono, 2002).   
3.2.5 Leaf water relation 
Leaf water potential (Ψleaf) was measured weekly after anthesis on two leaves for 
each pot using a pressure chamber (Model 3000, Soil Moisture Corp., Santa 
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Barbara, CA, USA). Well illuminated tiller flag leaves were chosen randomly for 
this measurement.  
To determine leaf osmotic water potential (Ψπ ), main stem flag leaves were 
removed, placed in sealed plastic bags on dry ice, then stored at -80°C. Four main 
stem flag leaves from each pot were cut into piece and homogenized when frozen. 
Ψπ was measured on expressed sap with a Fiske 1/10 Osmometer (Fiske Associates 
Norwood, MA). 
3.2.6 Green leaf retention 
Flag leaves were cut into small pieces (about 1 mm wide) and the pigments were 
extracted by shaking the tissue in 20 ml of 85% acetone at 20°C over night. The 
absorbance of the extract was measured with a B&L Spectronic 20 
spectrophotometer at 663 and 644 nm and the concentration of chlorophyll a and b 
were calculated (Arnon, 1949). 
3.2.7 Photosynthesis  
Measurements of gas exchange were made on flag leaves using a CIRAS-2 infra red 
gas analyzer (IRGA) (PP Systems, UK) connected to a PLC-6 Parkinson leaf 
cuvette. Photosynthesis rate (A), transpiration rate (E) and stomatal conductance 
(gs) were calculated according to von Caemmerer and Farquhar (1981). 
Instantaneous water use efficiency (IWUE) was determined from the ratio of A/E 
(mmol mol
-1) (Premachandra et al., 1997). All measurements were taken under 
constant light intensity set to 1500 µmol mol
-1 photosynthetic photon flux density 
(PPFD) with the PLC-6 internal halogen light attachment. The cuvette environment 
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was maintained at the following parameters; CO2 concentration was set at 360 ppm, 
cuvette H2O supplied at 8.2 x 10
-3 MPa and cuvette temperature maintained at 29°C 
and was representative of glasshouse temperature during the measurement period. 
3.2.8 Statistical analysis 
The experimental design was a random complete plot with three replications. The 
data were analyzed by ANOVA functions in STAT-GRAPHICS (statistical 
Graphics Corporation, Princeton USA) statistical package to assess significant 
differences among means. Post hoc comparisons were conducted using Duncans 
Multiple Range Test at P = 0.05.  
3.3 Results 
3.3.1 The absolute grain yield and the ratio of grain yield in well-watered and 
water-deficit plants 
Kauz had significantly higher grain yield in well-watered conditions but its grain 
yield was similar to other varieties in water-deficit conditions. In well-watered 
plants, the grain yield of Kauz (4.93 g plant
-1) was greater (p<0.05) relative to Janz 
(3.64 g plant
-1) but similar to Westonia (4.3 g plant
-1) in Experiment 2 and was 
significant higher (4.4 g plant
-1) in Experiment 3 (Table 3.1). The biomass of Kauz 
(8.1 g plant
-1) was higher than Janz (6.4 g plant
-1) but similar to Westonia (7.3 g 
plant
-1) in Experiment 3 (Table 3.1). 
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Table 3.1 The harvest component comparison on well-watered (-) and water-deficit 
treatment (+) plants. 
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Experiment 3
Experiment 3
Experiment 3
Treatment
Variety
- - 2.5 c
(0.3)
3.1 ab
(0.2)
2.3 c
(0.1)
3.4 a
(0.2)
2.7 bc
(0.1)
3.2 ab
(0.1)
0.57 a
(0.1)
0.52 a
(0.02)
0.70 a
(0.07)
0.72 a
(0.02)
0.69 a
(0.01)
0.62 b
(0.01)
0.90 a
(0.01)
0.64 b
(0.03)
0.85 a
(0.03)
- - 24.7 b
(0.1)
27.3 b
(3.2)
24.6 b
(1.2)
38.6 a
(0.6 a)
23.2 b
(0.8)
27.3 b
(3.2)
0.99 a
(0.06)
0.9 a
(0.03)
1.1 a
(0.11)
0.59 a
(0.02)
0.63 a
(0.08)
0.63 a
(0.05)
- - 23.6 c
(0.7)
39.6 a
(2.5)
21.3 c
(2.7)
33.5 b
(0.9)
24.4 c
(1.9)
38.9 ab
(0.5)
0.89 ab
(0.03)
0.81 b
(0.05)
1.01 a
(0.07)
0.42 a
(0.04)
0.27 b
(0.01)
0.44 a
(0.02)
- - 1.4 c
(0.1)
3.4 b
(0.3)
1.2 c
(0.1)
4.4 a
(0.2)
1.3 c
(0.1)
3.4 b
(0.3)
+ - + - + - + -
Bt-Schomburgh Westonia Kauz Janz
R, Ratio of water-deficit (+) versus well-watered (-) plants 
*, mean ±SE in bracket, values with the same letter in rows are not different at p = 0.05. 
 
Water-deficit significantly reduced the grain yield in 2005 and 2006 and the grain 
ratio of Kauz was lower (p<0.05) compared with other varieties in 2006 (Table 3.1). 
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In Experiment 2 and Experiment 3, the ratio of the grain yield of Kauz (0.49; 0.27, 
respectively) was lower (p<0.05) than that of Janz (0.7; 0.44) and Westonia (0.64; 
0.42) while there was no difference between Janz and Westonia (Table 3.1). In 
Experiment 1, there was no significant difference in the ratio of grain yield among 
the three varieties due to the moderate water-deficit (Fig. 3.1). No significant 
difference was found in absolute grain yield among varieties in water-deficit 
conditions in both Experiment 1 and 2 (Table 3.1). 
3.3.2 Physiological responses to water deficit 
3.3.2.1 Green leaf retention  
Kauz showed a greater sensitivity to water-deficit and senesced earlier in both 
Experiment 1 and Experiment 2. As Fig. 3.2 shows, both Kauz and Janz were at the 
same level of water-deficit (Fig. 3.1; Fig. 3.2 a and b), Kauz senesced much faster 
than Janz and no green tiller leaves remained while Janz still had green leaves under 
severe water-deficit (water content 20~30%).  
 
Days after anthesis: J: 44; K: 44  
Well watered Well watered Drought treatment Drought treatment Well-watered
Days after anthesis : W:39; J: 39; K: 36   
Drought treatment
a: Experiment 1 (2005) b: Experiment 2 (2006)
Fig. 3.2 (a and b) The different water-deficit phenotypes of Janz and Kauz under the 
same level of water-deficit in Experiment 1 and Experiment 2. 
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Fig. 3.3 (a and b) Chlorophyll content with time after anthesis in Experiment 1 and 
Experiment 2, respectively. (○, Janz; ã, Kauz; □, Westonia; open symbol = 
water-deficit and closed symbols = well-watered plants; vertical bars represent ±SE 
of the mean of three replicates). 
 
Figure 3.3 a and b shows the flag leaf chlorophyll content (FLC) in Experiment 1 
and Experiment 2. In Experiment 1, the green leaf retention of Kauz decreased 
much faster compared with Janz under water-deficit (Fig. 3.3a). In Experiment 2, 
the FLC of Kauz decreased faster relative to Westonia and Janz (Fig. 3.3b), falling 
to 1.5 mg g
-1 (Table 3.2) one day before Westonia (27 versus 28 days post anthesis) 
and four days before Janz (27 versus 31 days post anthesis). At the same time, in 
well-watered plants, the leaf chlorophyll content of Kauz, Westonia and Janz were 
similar, 4.7, 4.5 and 3.92 mg g
-1, respectively (Table 3.2). The results showed Janz 
green leaf retention was longer relative to Westonia and Westonia was longer 
relative to Kauz under water-deficit. 
3.3.2.2 Photosynthesis and instantaneous water use efficiency (IWUE)   
There was a delay of 2 and 3 days in the decline of photosynthesis (A) in Westonia 
and Janz in Experiment 2, respectively, compared to Kauz (Fig. 3.4a) while the soil 
water content declined from 60 to 34% (Fig. 3.1). The leaf transpiration rate of both 
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varieties also decreased sharply from 5~8 to 0.5 mmol m
-2 and then remained above 
0 (Fig. 3.4b). Comparison of Kauz, Westonia and Janz at 27, 28 and 31 days after 
anthesis, when they had comparable chlorophyll contents of 1.5 mg g
-1, showed that 
the photosynthesis rate (A) of Westonia and Janz was 0.4 and 0.76 μmol m
-2 s
-1, 
respectively, while that of Kauz had fallen to at -0.38 μmol m
-2 s
-1. The IWUE 
(A/E) of Westonia (1.13 U) and Janz (1.3 U) was significantly higher than that of 
Kauz (-1.08 U; Table 3.2). This contrasted with the well-watered situation where the 
IWUEs of Westonia (3.8 U), Janz (4.1 U) and Kauz (3.3 U) were not significantly 
different from each other.  
3.3.2.3 Main stem and flag leaf osmotic potential 
Main stem and leaf osmotic potential declined as water deficit increased (Fig. 3.5a 
and Fig. 3.5b). Using flag leaf Ψπ of 1.5 mg g
-1 DW as a point of comparison under 
water-deficit (Experiment 2), the flag leaf Ψπ of Westonia (-2.4 MPa) was 
significantly lower than that of Kauz (-1.64 MPa) but similar to Janz (-2.0 MPa) 
(Table 3.2). The main stem Ψπ of Westonia, Janz and Kauz were -2.23 MPa, -2.1 
MPa and -1.79 MPa, respectively, but they were not significantly different (Table 
3.2). In well-watered plants, the flag leaf Ψπ was between -0.8 to -1.3 MPa (Fig. 
3.5a and b; Table 3.2) and did not differ between the two varieties. 
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Table 3.2: Plant physiological responses to well-watered (-) and water-deficit (+) 
at flag leaf chlorophyll content of 1.5 mg g
-1 dry wt in water-deficit plants. 
 
12.6 a
(2.35)
3.30 a
(0.15)
4.64 a
(0.28)
15.27 ab
(0.77)
-1.18 a
(0.04)
-0.87 a
(0.01)
-0.55 a
(0.07)
4.69 a
(0.92)
27
-
Kauz
4.13 c
(0.19)
1.3 b
(0.42)
0.56 c
(0.24)
0.76  c
(0.27)
-2.1 b
(0.15)
-2.0 cd
(0.3)
-2.7 b
(0.1)
1.50 b
(0.12)
31
+ 
Westonia Janz Variety 
9.91 ab
(0.55)
4.1 a
(0.12)
4.04 b
(0.27)
16.5 a
(0.77)
-1.14 a
(0.02)
-1.31 ab
(0.1)
-0.6 a
(0.01)
3.92 a*
(0.39)
31
-
28 28 27 Days after anthesis
5.86 bc
(0.94)
11.37 ab
(0.72)
9.04 abc
(3.08)
Water soluble carbohydrate (% dry wt)
1.13 b
(1.15)
3.82 a
(0.16)
-1.08 c
(0.89)
Instantaneous  water use efficiency (A/E)
0.44 c
(0.09)
3.68 b
(0.11)
0.44 c
(0.06)
Transpiration rate (E) (mmol m
-2)
0.4 c
(0.4)
14.05 b
(0.72)
-0.38 c
(0.28)
Photosynthesis rate (A)(CO2 mol m
-2 s
-1)
-2.23 b
(0.32)
-1.21 a
(0.04)
-1.79 b
(0.07)
Main stem osmotic potential (MPa)
-2.41 d
(0.12)
-1.2 ab
(0.03)
-1.64 bc
(0.07)
Main stem flag leaf osmotic potential 
(MPa)
-3.0 bc
(0.12)
-0.4 a
(0.06)
-3.4 c
(0.3)
Tiller leaf water potential (MPa)
1.5 b
(0.14)
4.5 a
(0.53)
1.5 b
(0.02)
Chlorophyll content (mg g
-1dry wt)
+ - + Treatment
12.6 a
(2.35)
3.30 a
(0.15)
4.64 a
(0.28)
15.27 ab
(0.77)
-1.18 a
(0.04)
-0.87 a
(0.01)
-0.55 a
(0.07)
4.69 a
(0.92)
27
-
Kauz
4.13 c
(0.19)
1.3 b
(0.42)
0.56 c
(0.24)
0.76  c
(0.27)
-2.1 b
(0.15)
-2.0 cd
(0.3)
-2.7 b
(0.1)
1.50 b
(0.12)
31
+ 
Westonia Janz Variety 
9.91 ab
(0.55)
4.1 a
(0.12)
4.04 b
(0.27)
16.5 a
(0.77)
-1.14 a
(0.02)
-1.31 ab
(0.1)
-0.6 a
(0.01)
3.92 a*
(0.39)
31
-
28 28 27 Days after anthesis
5.86 bc
(0.94)
11.37 ab
(0.72)
9.04 abc
(3.08)
Water soluble carbohydrate (% dry wt)
1.13 b
(1.15)
3.82 a
(0.16)
-1.08 c
(0.89)
Instantaneous  water use efficiency (A/E)
0.44 c
(0.09)
3.68 b
(0.11)
0.44 c
(0.06)
Transpiration rate (E) (mmol m
-2)
0.4 c
(0.4)
14.05 b
(0.72)
-0.38 c
(0.28)
Photosynthesis rate (A)(CO2 mol m
-2 s
-1)
-2.23 b
(0.32)
-1.21 a
(0.04)
-1.79 b
(0.07)
Main stem osmotic potential (MPa)
-2.41 d
(0.12)
-1.2 ab
(0.03)
-1.64 bc
(0.07)
Main stem flag leaf osmotic potential 
(MPa)
-3.0 bc
(0.12)
-0.4 a
(0.06)
-3.4 c
(0.3)
Tiller leaf water potential (MPa)
1.5 b
(0.14)
4.5 a
(0.53)
1.5 b
(0.02)
Chlorophyll content (mg g
-1dry wt)
+ - + Treatment
*, mean ±SE in bracket, values with the same letter in rows are not different at p 
= 0.05. 
  
3.3.2.4 Peduncle length  
Kauz had significantly lower peduncle proportion by comparison to Westonia and 
Janz in both water-deficit and well-watered plants. In Experiment 2, the peduncle 
length proportion of Kauz (0.41) was lower (p<0.05) than that of Westonia (0.53) 
and Janz (0.59) under water-deficit. Similar results occurred in well-watered plants 
in Experiment 2 and both water-deficit and well-watered plants in Experiment 1 
(Table 3.3). 
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Fig. 3.4 Flag leaf photosynthesis rate (A) (Fig. 3.4a), transpiration rate (E) (Fig. 
3.4b), and instantaneous water use efficiency (IWUE) (A/E) (Fig. 3.4c) with time 
after anthesis (○, Janz; ã, Kauz; □, Westonia; open symbol = water-deficit and 
closed symbols = well-watered plants; vertical bars represent ±SE of the mean of 
three replicates). 
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Fig. 3.5 (a) Changes in the main stem flag leaf osmotic potential in Experiment 2; 
(b) Stem osmotic potential comparison on Janz (circle), Kauz (triangle) and 
Westonia (square). Open symbol = water-deficit and closed symbols = well-
watered; Vertical bars represent ±SE of the mean of three replications. 
 
3.3.3 Stem water soluble carbohydrate concentration in relation to grain dry 
weight 
Under water-deficit (Experiment 2), the timing of the remobilization of the stem 
WSC in Westonia was 9 days earlier compared to well-watered plants while Kauz 
remained unchanged and in Janz there was a 6 days delay. The stem WSC 
concentration of Kauz, Westonia and Janz reached a peak at 13, 15 and 25 days post 
anthesis at the level of 21.9, 11.9 and 14.2% (Fig. 3.6a and Table 3.3), respectively. 
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The total WSC level of Kauz, Westonia and Janz was 140, 50 and 73 mg stem
-1, 
respectively. The stem WSC concentration and total WSC content of Kauz were 
higher (p<0.05) than those of Westonia and Janz. However, the total grain yield per 
plant and the main stem grain yield of these three varieties were similar. 
Table 3.3: The relationship between water soluble carbohydrate and grain yield in 
well-watered (-) and water-deficit (+) treatments. 
 
 
- 0.54 a
(0.46) - 0.55 a
(0.003) - 0.41 b
(0.008) - 0.53 a
(0.008) Experiment 1 Peduncle 
proportion 
of total length - - 0.53 b
(0.006)
0.53 b
(0.008)
0.41 c
(0.006)
0.43 c
(0.004)
0.59 a
(0.01)
0.56 ab
(0.01) Experiment 2
- - 0.46 b
(0.03)
0.46 b
(0.03)
0.63 a
(0.001)
0.61 a
(0.02)
0.47 b
(0.04)
0.5 b
(0.02) Experiment 2 Main stem dry 
wt (g)
+ - + - + - + - Treatment
- - 15 24 13 13 25 19 Experiment 2
- - 0.77 b
(0.10)
0.9 b
(0.08)
0.77 b
(0.03)
1.4 a
(0.10)
0.67 b
(0.07)
0.8 b
(0.07) Experiment 2
- - 2.7 c
(0.1)
4.3 ab
(0.5)
2.42 c
(0.1)
4.93 a
(0.1)
2.5 c
(0.1)
3.64 b
(0.1) Experiment 2
60.7 ab
(0.9)
64.8 b
(1.0)
0.36 b
(0.03)
1.42 abc
(0.21)
19
31
16.78 ab
(1.5)
26.6 ab
(1.5)
24
1.6 c
(0.02)
4.1 a*)
(0.2)
Janz
Experiment 2
Experiment 1
Experiment 2
Experiment 1
Experiment 2
Experiment 1
Experiment 2
Experiment 1
Experiment 1
Experiment 1
Experiment 1
68.7 ab
(1.9)
70.4 ab
(2.7)
69.2 ab
(0.6)
67.2 ab
(2.1)
69.9 ab
(0.7)
71.3 a
(2.3)
66.3 ab
(1.0)
The length of 
main stem 
(cm) 63.7 ab
(1.3)
0.20 c
(0.02)
0.89 de
(0.09)
15
15
11.85 b
(0.7)
18.7 cd
(0.9)
15
1.1 cd
(0.02)
3.3 bc
(0.3)
57.3 b
(3.1)
0.29 bc
(0.05)
1.18 bcd
(0.13)
25
24
14.2 b
(2.6)
26.0 ab
(2.2)
24
1.5 c
(0.01)
3.43 bc
(0.2)
- - 65.7 a
(2.7)
59.9 ab
(1.3)
66.25 a
(2.0) 
- - 0.22 bc
(0.02)
0.56 a
(0.08)
0.58 a
(0.04)
0.56 e
(0.06)
1.0 cde
(0.09)
1.86 a
(0.09)
1.59 ab
(0.24)
1.63 ab
(0.26)
Total  
maximum 
WSC of four 
main stem (g)
- - 24 13 13
17 31 29 18 18 Days to the 
total 
maximum 
WSC
- - 12.45 b
(0.2)
21.85 a
(1.9)
20.0 a
(2.2)
13.2 d
(2.2)
20.7 bc
(1.5)
29.2 a
(0.8)
25.7 ab
(3.9)
27.6 ab
(2.5)
Maximum 
WSC 
concentration 
(w w-1 % dry 
wt)
17 31 29 18 18 Days to the 
maximum 
WSC 
concentration
1.0 d
(0.04)
1.2 cd
(0.20)
1.3 cd
(0.06)
1.8 b
(0.09)
2.2 a
(0.08)
Related grain 
weight 
(g ear-1)
2.86 c
(0.29)
3.88 ab
(0.06)
3.9 ab
(0.4)
3.36 bc
(0.2)
4.08 a
(0.4)
Grain yield
(g plant-1)
Bt-Schomburgh Westonia Kauz Variety
- 0.54 a
(0.46) - 0.55 a
(0.003) - 0.41 b
(0.008) - 0.53 a
(0.008) Experiment 1 Peduncle 
proportion 
of total length - - 0.53 b
(0.006)
0.53 b
(0.008)
0.41 c
(0.006)
0.43 c
(0.004)
0.59 a
(0.01)
0.56 ab
(0.01) Experiment 2
- - 0.46 b
(0.03)
0.46 b
(0.03)
0.63 a
(0.001)
0.61 a
(0.02)
0.47 b
(0.04)
0.5 b
(0.02) Experiment 2 Main stem dry 
wt (g)
+ - + - + - + - Treatment
- - 15 24 13 13 25 19 Experiment 2
- - 0.77 b
(0.10)
0.9 b
(0.08)
0.77 b
(0.03)
1.4 a
(0.10)
0.67 b
(0.07)
0.8 b
(0.07) Experiment 2
- - 2.7 c
(0.1)
4.3 ab
(0.5)
2.42 c
(0.1)
4.93 a
(0.1)
2.5 c
(0.1)
3.64 b
(0.1) Experiment 2
60.7 ab
(0.9)
64.8 b
(1.0)
0.36 b
(0.03)
1.42 abc
(0.21)
19
31
16.78 ab
(1.5)
26.6 ab
(1.5)
24
1.6 c
(0.02)
4.1 a*)
(0.2)
Janz
Experiment 2
Experiment 1
Experiment 2
Experiment 1
Experiment 2
Experiment 1
Experiment 2
Experiment 1
Experiment 1
Experiment 1
Experiment 1
68.7 ab
(1.9)
70.4 ab
(2.7)
69.2 ab
(0.6)
67.2 ab
(2.1)
69.9 ab
(0.7)
71.3 a
(2.3)
66.3 ab
(1.0)
The length of 
main stem 
(cm) 63.7 ab
(1.3)
0.20 c
(0.02)
0.89 de
(0.09)
15
15
11.85 b
(0.7)
18.7 cd
(0.9)
15
1.1 cd
(0.02)
3.3 bc
(0.3)
57.3 b
(3.1)
0.29 bc
(0.05)
1.18 bcd
(0.13)
25
24
14.2 b
(2.6)
26.0 ab
(2.2)
24
1.5 c
(0.01)
3.43 bc
(0.2)
- - 65.7 a
(2.7)
59.9 ab
(1.3)
66.25 a
(2.0) 
- - 0.22 bc
(0.02)
0.56 a
(0.08)
0.58 a
(0.04)
0.56 e
(0.06)
1.0 cde
(0.09)
1.86 a
(0.09)
1.59 ab
(0.24)
1.63 ab
(0.26)
Total  
maximum 
WSC of four 
main stem (g)
- - 24 13 13
17 31 29 18 18 Days to the 
total 
maximum 
WSC
- - 12.45 b
(0.2)
21.85 a
(1.9)
20.0 a
(2.2)
13.2 d
(2.2)
20.7 bc
(1.5)
29.2 a
(0.8)
25.7 ab
(3.9)
27.6 ab
(2.5)
Maximum 
WSC 
concentration 
(w w-1 % dry 
wt)
17 31 29 18 18 Days to the 
maximum 
WSC 
concentration
1.0 d
(0.04)
1.2 cd
(0.20)
1.3 cd
(0.06)
1.8 b
(0.09)
2.2 a
(0.08)
Related grain 
weight 
(g ear-1)
2.86 c
(0.29)
3.88 ab
(0.06)
3.9 ab
(0.4)
3.36 bc
(0.2)
4.08 a
(0.4)
Grain yield
(g plant-1)
Bt-Schomburgh Westonia Kauz Variety
 *, mean ±SE in bracket, values with the same letter in rows are not different at p 
= 0.05. 
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Fig. 3.6 Change in stem water soluble carbohydrate (WSC) concentration (a) and 
the related grain dry weight  per ear with time after anthesis (b) in Experiment 2 (○ 
= Janz; ã = Kauz and □ = Westonia; closed symbols = well-watered and open 
symbols = water-deficit; arrow indicates the flowering time; vertical bars represent 
±SE of the mean of three replicates). 
 
In well-watered plants (Experiment 2), the stem WSC concentration and the total 
stem WSC level of Kauz (20%; 145 mg stem
-1) was higher (p<0.05) than that of 
Westonia (12.5%; 55 mg stem
-1) and Janz (16.8%; 90 mg stem
-1) after anthesis (Fig. 
3.6a; Table 3.3) and peaked at 13, 24 and 19 days  post anthesis, respectively. The 
main grain yield of Kauz (1.4 g ear
-1) was significantly higher relative to that of 
Westonia (0.9 g ear
-1) and Janz (0.8 g ear
-1). However, the grain yield per plant of 
Kauz (4.93 g plant
-1) was similar to that of Westonia (4.3 g plant
-1).  
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Fig. 3.7 Stem water soluble carbohydrate (WSC) concentration (a) and the related 
grain dry weight per ear (b) with time after anthesis in Experimental 1. (◇ = Bt-
Schomburgh; ○ = Janz; ã = Kauz and □ = Westonia; closed symbols = well-
watered and open symbols = water-deficit; arrows indicate the flowering time; 
vertical bars represent ±SE of the mean of three replicates). 
 
Similar results were found in Experiment 1. The time to reach a peak level of WSC 
in Westonia and Bt-Schomburgh was 14 and 13 days earlier in water-deficit plants 
relative to well-watered plants while the time to peak WSC for Kauz and Janz was 
similar in both conditions. Under water deficit, the maximum stem WSC 
concentration and total stem WSC content of Kauz (25.7%; 398 mg stem
-1) and Janz 
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(26%; 295 mg stem
-1) was higher (p<0.05) than that of Westonia (18.7%; 223 mg 
stem
-1) and Bt-Schomburgh (13.2%; 140 mg stem
-1) (Fig. 3.7a; Table 3.3). The 
main stem grain yield of Kauz (1.8 g ear
-1) was greater relative to Westonia (1.1 g 
ear
-1) (Table 3.3). However, the grain yield per plant remained similar among the 
four varieties (Table 3.3).  
3.4 Discussion  
3.4.1 Genotype variation in response to water deficit 
The wheat varieties Janz, Kauz and Westonia provided a useful comparison because 
during the course of this study they appeared to respond differently to water deficit. 
Two definitions of drought resistance have been considered; one is based on higher 
grain yield per se at a given level of water deficit (Fukai and Cooper, 1995) and 
another is defined as the ratio of yield under the stress of drought to that without 
drought (Li et al., 2005). Kauz was a higher yielding variety relative to Janz in well-
watered conditions, however, the depression of grain yield in Kauz was significantly 
larger relative to Janz and Westonia in Experiment 2 and 3 (Table 3.1). According 
to the drought resistance definition of Li et al. (2005), Kauz can be considered as a 
drought sensitive variety and is probably caused by its large biomass resulting in 
higher transpiration (Blum et al., 1997a). Coincidently, the photosynthesis rate of 
Kauz was lower relative to Janz and Westonia under water-deficit (Table 3.2). The 
IWUE of Kauz was significantly lower than that of Janz and Westonia at a 
chlorophyll content of 1.5 mg g
-1 of dry weight. This might cause a higher 
depression of grain yield of Kauz in water-deficit Experiments 2 and 3. In 
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Experiment 1, the depression of grain yield of Kauz was not observed, probably due 
to a more gradual imposition of water deficit (see Materials and methods, Fig. 3.1).  
Leaf senescence in Janz and Westonia was delayed compared to Kauz, which was 
correlated with the higher photosynthesis rate and the higher grain ratio of Janz and 
Westonia (Table 3.2). ‘Stay-green’ is a reported component of tolerance to terminal 
drought stress in cereals, for example, sorghum (Borrell et al., 2000) and maize 
(Campos et al., 2004). Malabuyoc et al. (1985) claimed that rice lines with good 
green leaf retention also recovered best after water deficit was relieved. In wheat, 
flag leaf green area was positively correlated to grain yield under water-deficit since 
maintaining green leaf area enabled photosynthesis to continue at grain filling 
(Foulkes et al., 2007b; Snape et al., 2007). The results in this Chapter support the 
selection criterion of using green leaf retention for identifying wheat lines that are 
potentially more tolerant to water-deficit.  
  Osmotic adjustment (OA) has been recognized as an effective component of 
drought resistance in several crop plants (reviewed by Morgan, 1984) and has been 
emphasized as a selection criterion in traditional crop breeding programmes to 
improve grain yield in dry environments (Tangpremsri et al., 1991; Zhang et al., 
1999). Substantial genotype and environment diversity for OA have been observed 
in wheat (Morgan et al., 1986; Munns, 1988; Serraj and Sinclair, 2002). The leaf 
osmotic potential for Westonia was significantly lower than that of Kauz and 
correlated with the better grain ratio under water-deficit for Westonia (Table 3.2). 
Kauz matured 5-12 days faster than other varieties under well-watered conditions 
(data not shown). The stem WSC concentration of Kauz peaked 6-13 days earlier 
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and then decreased 3-14 days faster relative to other varieties in Experiment 2 and 
Experiment 1 (Table 3.3). This indicated that Kauz might be a short season variety 
and could be considered as a water-deficit escape variety. 
3.4.2 Inconsistent relationship between the stem WSC and grain yield 
It was evident from the experiments in this study that the levels of WSC did not 
correlate well with grain yield under well-watered conditions. Some results of this 
study showed a positive correlation between WSC concentration and grain yield. 
For example, in Experiment 2, maximum stem WSC concentration and total WSC 
of Kauz were significant higher relative to that of Westonia in well-watered plants. 
This was associated with the higher grain yield of the main stem of Kauz compared 
to that of Westonia.  
The inconsistent correlation between high WSC and grain yield occurred under 
water-deficit as well. For example, in Experiment 1, the maximum WSC 
concentrations of Janz and Kauz were significantly higher than those of Bt-
Schomburgh and Westonia (Table 3.3). Accordingly, the main stem grain yield of 
Kauz was significant higher than that of Westonia and Bt-Schomburgh but the grain 
yield per plant of those varieties remained similar among the treatments (Table 3.3). 
In Experiment 2, the stem WSC concentration and the total WSC level of Kauz 
were higher relative to Westonia and Janz (Table 3.3). However, the related main 
stem grain yield and grain yield per plant of Kauz did not show significant 
differences to Westonia and Janz (Table 3.3). These results match observations by 
other workers (Evans and Wardlaw, 1996; Ehdaie et al., 2006; Ruuska et al., 2006; 
Turner et al., 2008).  
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In light of the observations in this Chapter, it is of concern that the stem WSC level 
is considered a criterion in wheat breeding to improve grain yield (Shearman et al., 
2005; Foulkes et al., 2007a), and especially, that the stem WSC is considered as a 
useful marker for selecting drought-tolerant genotypes (Pollock and Cairns, 1991, 
Hendry and Wallace, 1993). Ruuska et al. (2006) reported that it might be 
problematic to select breeding material only relying on the high WSC level. The 
total mobilization of WSC from stem to grain is not only dependent on the WSC 
level in the stem but also relies on the mobilization efficiency which is controlled by 
genotypic diversity (Evans and Wardlaw, 1996; Ehdaie et al., 2006b).  
3.4.3 Peduncle proportion of wheat stem related to WSC mobilization 
The remobilization efficiency of WSC differs between the various parts of the 
wheat stem (Ehdaie et al., 2006a and b). The WSC remobilization, for example, in 
peduncle was more efficient than in the penultimate and lower internodes, 
especially, under water deficit (Ehdaie et al., 2006a and b). Kauz with short 
peduncle proportion of wheat stem might influence the remobilization of stem 
WSC, especially, under water-deficit because the WSC remobilization was less 
efficient in penultimate and lower internodes relative to peduncle under water-
deficit (Ehdaie et al., 2006a and b). In contrast, Westonia, Janz and Bt-Schomburgh 
had a greater peduncle proportion relative to Kauz and would be less affected by 
water-deficit due to the higher efficiency of WSC mobilization in the peduncle 
(Ehdaie et al., 2006a and b).  
In conclusion, according to the pot experiments in glasshouse, the level of stem 
WSC could be considered as an associated trait for improving grain yield in plant 
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breeding but is not entirely reliable due to genotypic variation. Green leaf retention, 
instantaneous water use efficiency (IWUE) and high peduncle proportion might 
provide better criteria for water-deficit tolerance when taken together with aspects 
of WSC levels as discussed in Chapter 6.  
To confirm the results of water-deficit treatment in the glasshouse, a field drought 
trial was carried out in Chapter 4.           
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Chapter 4:  
Patterns of stem water soluble carbohydrate in wheat varieties 
under terminal drought in the field 
 
Abstract 
Under terminal drought, the impact of stem carbohydrate remobilization is considered to 
be significant because post-anthesis assimilation is limited, and grain growth depends to a 
greater extent on translocation of carbohydrate reserves. In order to confirm the results of 
water-deficit experiments in the glasshouse, a field drought experiment was carried out to 
investigate the behaviour of three wheat genotypes. Absolute yield (Fukai and Cooper, 
1995) and the ratio of yield under stress to yield without drought stress (Li et al., 2005) 
were used to examine drought tolerance. The results of this study showed that the stem 
water soluble carbohydrate (WSC) was the source of grain filling, however, the 
inconsistent correlation between the level of stem WSC and grain yield also occurred in 
this study. The high green leaf retention, deep roots and high peduncle proportion would 
appear to be important indicators for pre-selecting drought tolerance in wheat breeding, 
consistent with findings in Chapter 3. The field results differed from the glasshouse 
results, because the later flowering variety, Janz encountered more severe drought stress 
compared to the earlier flowering varieties, Westonia and Kauz, and showed high grain 
weight depression when drought stress started at the same time. 
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4.1 Introduction 
In this Chapter, a field drought experiment was carried out to compare WSC mobilization 
results of the glasshouse and that of the field. The absolute yield (Fukai and Cooper, 
1995) and the higher ratio of yield under the stress to that without drought stress (Li et 
al., 2005) were used to define the drought tolerance in this study. This study was also to 
examine the relationship between the stem WSC level and grain yield. In addition, the 
contributions of the green leaf retention, deep roots and increased peduncle proportion to 
drought tolerance were assessed.  
4.2 Materials and methods 
4.2.1 Cultivars 
Three wheat cultivars, Westonia, Kauz and Janz were selected. The explanation of these 
varieties is given in Chapter 3. 
 4.2.2 Drought treatment 
The field experiment was located in a 10 x 20 m paddock in Shenton Park, WA. The 
paddock was divided into two parts, irrigated (well-watered) and drought (water-deficit) 
areas (Fig. 4.1), and the experimental plots were located in the middle of each part. For 
the water deficit trials, the cover was clear plastic. The gaps between plants were also 
covered. The covers were about 1.3 metres above the ground to provide for adequate 
airflow. Three varieties (Janz, Kauz and Westonia) were sown randomly in each plot. 
Plot size was 0.8 x 1 m and was divided into 4 rows. Each row was one meter long and 
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200 seeds (8g) of each variety were sown per row. Westonia seeds were sown in the 
buffer area (coloured in green). The distance between each replicate and buffer line was 
20 cm and between rows within the treatments was 15 cm. When Westonia was 
flowering (Westonia was the earliest flowering variety), the drought treatment plots were 
covered with plastic to avoid rain and irrigation. In order to make the application of 
fertilizers equal to each plot, fertilizers (Osmocote, Horticulture special, Dolomite and 
Limestone) were mixed with 4 L soil and divided into each replicate by the same weight, 
and applied at three stages (seedling, tillering and stem elongation). The amount of 
fertilizer and the date of application are given in Table 4.1. One week before drought 
treatment and weekly after to plant maturity, soil cores (0-20 cm) were taken in the centre 
of the rows to measure water potential and soil water content (Fig. 4.2a and b).   
Janz Kauz Westonia
Kauz Westonia Janz
Westonia Janz Kauz
Janz Kauz Westonia
Kauz Westonia Janz
Westonia Janz Kauz
Janz Kauz Westonia
Kauz Westonia Janz
Westonia Janz Kauz
Janz Kauz Westonia
Kauz Westonia Janz
Westonia Janz Kauz
s
Drought treatment
Replicate one
Replicate two
Replicate three
Irrigated treatment
Replicate one
Replicate two
Replicate three
 
Fig. 4.1 Drought treatment in the field (boxes covered with green were buffer zones sown 
by Westonia; white boxes were empty area); each plot with variety is 1m long and 0.8 m 
wide; black lines (20 cm wide) were the gaps between plots. 
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4.2.3  Plant harvest and physiological parameter measurement 
Plant harvest  and physiological parameter measurements, including, carbohydrate 
analysis, soil water retention curves, leaf water potential measurement, leaf osmotic water 
potential measurement, green leaf retention, statistical analysis were the same as that in 
Chapter 3. Root length was measured in soil by digging beside the plants. Peduncle 
proportion was the length ratio of peduncle and plant without ear. 
Table 4.1 Rate and timing of fertilizer used 
 
144g 144g 72g Limestone
144g 144g 72g Dolomite
212g 212g 106g Horticulture 
special (purple)
268g 268g 134g Osmocote
(yellow)
2006-09-01 2006-07-28 2006-07-03 Fertilizer*
144g 144g 72g Limestone
144g 144g 72g Dolomite
212g 212g 106g Horticulture 
special (purple)
268g 268g 134g Osmocote
(yellow)
2006-09-01 2006-07-28 2006-07-03 Fertilizer*
*: Used fertilizer mixed with four litre soil (1.25kg) then weighed equally to each plot 
and feed to plants. Osmocote includes Nitrogen, 16%; Phosphorous, 5%; Patassium, 
9.2% and other micro nutrients. Hoticulture special includes Nitrogen, 12%; 
Phosphorous, 3.4%; Patassium, 10% and other micro mutrients. 
 
4.3 Results  
4.3.1 Levels of drought stress 
Plants suffered a consistent and severe water deficit in the field relative to the glasshouse, 
and the later flowering variety, Janz, suffered the water deficit at different stage. Water 
deficit started at the same time but at different plant growth stages due to variation in 
heading date. Also the difference from the glasshouse was the fact that plants in the field 
    74
encountered a more severe water deficit due to cessation of watering after anthesis (Fig. 
4.2b). When water deficit started at anthesis in Westonia, it was 6 days before anthesis 
occurred for Janz and 2 days for Kauz. When the soil water potential reached 1.5 MPa 
(the wilting point), Janz was 8 days after anthesis whereas Kauz was 12 days after 
anthesis and Westonia was 14 days after anthesis. Therefore, Janz encountered a more 
severe drought during grain filling than Kauz and Westonia. 
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Fig. 4.2 (a) Field soil water metric potential (Ψsoil) as a function of volumetric soil water 
content for the field soil; (b) Soil water content in 20 cm deep field soil when controlled 
soil drying was applied at anthesis for spring wheat in 2006. (Open: water-deficit; solid: 
well-watered; vertical bars represent ±SE of the mean of three replicates).   
 
4.3.2 Physiological response to field water deficit 
4.3.2.1 Green leaf retention 
Under water deficit, Kauz proved to be sensitive and dehydrated much faster than Janz 
and no green leaves remained at the time when Janz and Westonia still showed green 
leaves (water content was 3.5%) (Fig. 4.3a). Figure 4.3b shows that flag leaf chlorophyll 
(FLC) content of Kauz dropped faster then in Janz. Using an FLC of 0.7 mg g
-1 dry 
weight as a point of comparison (by extrapolation) under drought treatment,  the leaf 
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chlorophyll content in Kauz [11.9 days post anthesis (pa)] declined 2 and 3 days earlier 
than in Westonia (13.6 days pa) and Janz (15 days pa) (Table 4.2). At the same time, in 
well-watered plants, the leaf chlorophyll content of Kauz (2 mg g
-1 dry wt) was similar to 
Westonia (1.91 mg g
-1 dry wt) and Janz (1.35 mg g
-1 dry wt) (Table 4.2).  
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Fig. 4.3 (a) The different dehydration phenotypes of Westonia, Janz and Kauz under 
drought stress; (b) Green leaf retention presented in the field, presented in chlorophyll 
content plot by days after anthesis. (Solid: well-watered; open: water-deficit; vertical bars 
represent ±SE of the mean of three replicates; differences of photos (a) were due to the 
sunlight from the west.). 
    76
Table 4.2 The comparison of leaf water potential and flag leaf osmotic potential in well-
watered (-) and water-deficit (+) plants at the same flag leaf chlorophyll content level in 
water-deficit plants. 
 
 
39.6 b
(1.44)
-0.9 a
(0.02)
-2.13 a
(0.09)
5.74 a
(0.06)
2 a
(0.44)
11.9
-
Kauz
24.7 d
(1.47)
-1.53 c
(0.19)
-3.4 c
(0.18)
2.66 d
(0.32) 
0.7 b
(0.05)
15
+ 
Westonia Janz Variety 
33.6 c
(2.36)
-0.97 a
(0.03)
-2.37 a
(0.14)
5.02 b
(0.02)
1.35 ab*
(0.16)
15
-
13.6 13.6 11.9 Days after anthesis
40.5 b
(1.88)
45.5 a
(1.36)
35.7 bc
(0.76)
WSC (% dry wt)
-1.32 bc
(0.07)
-1.03 ab
(0.07)
-1.59 c
(0.08)
Stem flag leaf osmotic potential 
(MPa)
-3.27 bc
(0.18)
-2.4 a
(0.11)
-2.9 b
(0.07)
Leaf water potential (MPa)
3.62 c
(0.04)
5.5 a
(0.06)
3.64 c
(0.05)
Soil water content (w w
-1
%)
0.7 b
(0.05)
1.9 a
(0.18)
0.7 b
(0.05)
Chlorophyll content 
(mg g
-1
dry wt)
+ - + Treatment
39.6 b
(1.44)
-0.9 a
(0.02)
-2.13 a
(0.09)
5.74 a
(0.06)
2 a
(0.44)
11.9
-
Kauz
24.7 d
(1.47)
-1.53 c
(0.19)
-3.4 c
(0.18)
2.66 d
(0.32) 
0.7 b
(0.05)
15
+ 
Westonia Janz Variety 
33.6 c
(2.36)
-0.97 a
(0.03)
-2.37 a
(0.14)
5.02 b
(0.02)
1.35 ab*
(0.16)
15
-
13.6 13.6 11.9 Days after anthesis
40.5 b
(1.88)
45.5 a
(1.36)
35.7 bc
(0.76)
WSC (% dry wt)
-1.32 bc
(0.07)
-1.03 ab
(0.07)
-1.59 c
(0.08)
Stem flag leaf osmotic potential 
(MPa)
-3.27 bc
(0.18)
-2.4 a
(0.11)
-2.9 b
(0.07)
Leaf water potential (MPa)
3.62 c
(0.04)
5.5 a
(0.06)
3.64 c
(0.05)
Soil water content (w w
-1
%)
0.7 b
(0.05)
1.9 a
(0.18)
0.7 b
(0.05)
Chlorophyll content 
(mg g
-1
dry wt)
+ - + Treatment
*, mean ±SE in bracket, values with the same letter in rows are not different at p = 
0.05. 
 
4.3.2.2 The root depth and proportion of peduncle length in relation to the drought 
stress response 
Under water deficit, the root depth of Westonia (27.3 cm) was greater (p<0.2) than that of 
Kauz (25 cm) and Janz (24.7 cm) whereas it was similar among these three varieties in 
well-watered plants (Table 4.3). In addition, the root depth of Westonia (27.3 cm) in 
water-deficit plants was larger than its well-watered plants (26.3 cm) 
Kauz had the lowest proportion of peduncle length among three varieties. Under water 
deficit and well watered, the peduncle length proportions in Janz (0.45; 0.43) and 
Westonia (0.48; 0.46) were higher (p<0.05) than Kauz (0.38; 0.37) (Table 4.3). In 
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addition, under water deficit, the proportion of peduncle length of Westonia (0.48) tended 
to be higher (p<0.1) than that (0.46) in well-watered plants (Table 4.3).  
Table 4.3 Stem WSC, grain weight, root depth and peduncle proportion in response to 
well watered (-) and water deficit (+). 
 
 
2.28 a
(0.13)
2.59 a
(0.18)
2.04 a
(0.38)
2.65 a
(0.30)
2.05 a
(0.03)
2.39 a
(0.1)
Main stem grain weight 
(g)
27.3 a
(1.2)
26.3 a
(1.2)
25 a
(0.6)
26 a
(1.0)
24.7 a
(0.9)
26.3 a
(1.2)
Root depth 
(cm)
0.48 a
(0.01)
0.46 ab
(0.01)
0.38 c
(0.01)
0.37 c
(0.004)
0.45 ab
(0.004)
0.43 b
(0.005)
The proportion of 
peduncle length
+ - + - + - Treatment
48.1 a
(1.1)
44.2 b
(1.5)
40.9 b
(2.0)
44.5 b
(2.0)
42.4 b
(0.5)
41.6 b
(1.1)
-12 -12 -10 -10 -14 -14
19.3 b
(0.2)
22.7 b
(1.8)
17.9 b
(1.1)
19.6 b
(1.8)
19.8 b
(1.2)
32.0 a*
(4.6)
1.37 a
(0.35)
8
35.4 cd
(2.2)
21
Janz
Total maximum WSC  pa 
(g) 
1.18 a
(0.15)
14
40.6 b
(1.9)
14
1.33 a
(0.38)
8
33.6 d
(1.3)
0
1.68 a
(0.24)
1.19 a
(0.05)
1.35 a
(0.29)
14 12 12 Days to the total 
maximum WSC pa
45.4 a
(1.3)
35.8 bcd
(0.7)
39.4 bc
(1.5)
The maximum WSC pa 
(% dry wt)  
14 12 12 Days to the maximum 
WSC pa
The maximum WSC ba
(% dry wt) 
Days to the maximum 
WSC ba
100 plant grain yield 
(g)
Westonia Kauz Variety
2.28 a
(0.13)
2.59 a
(0.18)
2.04 a
(0.38)
2.65 a
(0.30)
2.05 a
(0.03)
2.39 a
(0.1)
Main stem grain weight 
(g)
27.3 a
(1.2)
26.3 a
(1.2)
25 a
(0.6)
26 a
(1.0)
24.7 a
(0.9)
26.3 a
(1.2)
Root depth 
(cm)
0.48 a
(0.01)
0.46 ab
(0.01)
0.38 c
(0.01)
0.37 c
(0.004)
0.45 ab
(0.004)
0.43 b
(0.005)
The proportion of 
peduncle length
+ - + - + - Treatment
48.1 a
(1.1)
44.2 b
(1.5)
40.9 b
(2.0)
44.5 b
(2.0)
42.4 b
(0.5)
41.6 b
(1.1)
-12 -12 -10 -10 -14 -14
19.3 b
(0.2)
22.7 b
(1.8)
17.9 b
(1.1)
19.6 b
(1.8)
19.8 b
(1.2)
32.0 a*
(4.6)
1.37 a
(0.35)
8
35.4 cd
(2.2)
21
Janz
Total maximum WSC  pa 
(g) 
1.18 a
(0.15)
14
40.6 b
(1.9)
14
1.33 a
(0.38)
8
33.6 d
(1.3)
0
1.68 a
(0.24)
1.19 a
(0.05)
1.35 a
(0.29)
14 12 12 Days to the total 
maximum WSC pa
45.4 a
(1.3)
35.8 bcd
(0.7)
39.4 bc
(1.5)
The maximum WSC pa 
(% dry wt)  
14 12 12 Days to the maximum 
WSC pa
The maximum WSC ba
(% dry wt) 
Days to the maximum 
WSC ba
100 plant grain yield 
(g)
Westonia Kauz Variety
*, mean ±SE in bracket, values with the same letters in rows are not different at p = 
0.05. ba, before anthesis; pa, post anthesis. 
 
4.3.3 The pattern of stem WSC concentration and related dry grain weight 
Under water deficit, the WSC level of Janz decreased sharply without a peak after 
anthesis. The maximum stem WSC concentration of Janz, Kauz and Westonia was 33.6, 
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35.8 and 40.6% and peaked at 0, 12 and 14 days after anthesis in water-deficit plants 
(Fig. 4.4, Table 4.3). The remobilization time of stem WSC in Janz was 21 days earlier in 
water-deficit plants whereas in Westonia and Kauz, it was similar to the well-watered 
plants.  
higher 
(p<0.05) than Kauz (20 g) and Westonia (23 g) in well-watered plants (Table 4.4). 
r relative to that 
in the glasshouse after anthesis in both water deficit and irrigated plants.  
The pattern of stem WSC and related main grain weight (Fig. 4.4) showed that the stem 
WSC was a source of grain filling. While remobilizing of stem WSC, the grain weight 
increased until it reached a plateau. However, the high stem WSC level was not 
consistently resulted to the high grain yield. Westonia showed a high level (p<0.05) of 
stem WSC concentration relative to Janz in water deficit plants (Table 4.3) and the 
thousand grain weight of Westonia (37.8 g) was significantly higher compared with Kauz 
(24.5) and Janz (25 g), however, the grain yield and stem grain weight of these three 
varieties was similar (Table 4.4). In well-watered plant, the maximum stem WSC level of 
Westonia (45.4%) was higher (p<0.05) compared to that of Janz (35.4%) and Kauz 
(39.4%) (Fig. 4.4 and Table 4.3). Nevertheless, the grain yield in Janz (32 g) was 
High stem WSC concentration occured before anthesis in field plants. Almost two weeks 
before the anthesis of each vareity, the stem WSC concentration of Janz, Kauz and 
Westonia was 41 ~ 42, 42 ~ 44 and 44 ~ 48% (Fig. 4.4, Table 4.3), which was four times 
higher than the level (below 10%) of stem WSC pre-anthesis in glasshouse (Experiment 1 
and 2). The stem WSC level was decreasing slowly thereafter until the anthesis. The 
maximum stem WSC level of Kauz and Westonia was at least 10% highe
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Table 4.4 The harvest component comparison in well watered (-) and well deficit (+) 
plants. 
 
0.85±0.01 a 0.92±0.06 a R0.62±0.04 b
19.3±0.2 b 22.7±1.8 b 17.9±1.1 b 19.6±1.8 b 19.8±1.2 b 32.0±4.6 a*
1000 grain 
100 plant 
Grain      
weight (g)
Treatment
Variety
+ - + - + -
Westonia Kauz Janz
 
*, mean ±SE, values with the same letters in rows are not different at p = 0.05;
 R, Ratio 
+) versus well-watered (-) plants 
e field. The depressed grain weight in Janz indicated that 
the later flowering varieties might suffer from significant reduction of grain weight in 
4.4.2 Differences in WSC levels between field and glasshouse water-deficit 
0.93±0.01 b 1.08±0.03 a 0.88±0.03 b
50.9±0.5 d 54.6±3.0 cd 73.3±1.9 b
er spike
68±4.6 bc 79.1±2.4 ab 89.9±16.8 a
0.91±0.01 a 0.85±0.03 a 0.71±0.02 b
37.83±0.6 b 41.44±1.4 a 24.45±0.9 d 28.67±0.7 c 24.98±0.7 d 35.34±1.5 b
Grain No. 
weight (g)
p
of water-deficit (
 
4.4 Discussion  
4.4.1 Depression in grain weight in the late anthesis variety 
The depressed grain weight in Janz, the later-flowering variety, was significant in the 
field (Table 4.4) because Janz encountered a more severe water stress compared to 
Westonia and Kauz (Fig. 4.2). Based on the definition of Li et al. (2005), Janz was a 
drought sensitive variety in th
field under terminal drought.  
treatments 
 In the field, the maximum WSC level (40-50%) was double the glasshouse (20-30%, 
Experiment 1; 13-25%, Experiment 2) among three varieties. The high WSC 
0.93±0.01 b 1.08±0.03 a 0.88±0.03 b
50.9±0.5 d 54.6±3.0 cd 73.3±1.9 b
0.85±0.01 a 0.92±0.06 a R0.62±0.04 b
19.3±0.2 b 22.7±1.8 b 17.9±1.1 b 19.6±1.8 b 19.8±1.2 b 32.0±4.6 a*
er spike
1000 grain 
100 plant 
Grain      
weight (g)
Treatment
Variety
+ - + - + -
Westonia Kauz Janz
68±4.6 bc 79.1±2.4 ab 89.9±16.8 a
0.91±0.01 a 0.85±0.03 a 0.71±0.02 b
37.83±0.6 b 41.44±1.4 a 24.45±0.9 d 28.67±0.7 c 24.98±0.7 d 35.34±1.5 b
Grain No. 
weight (g)
p
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concentration (30-40%) (Fig. 4.3) at anthesis was not shown in the glasshouse at this 
point in Experiment 1 (2.5-10%) and Experiment 2 (2.5-10%) (Chapter 3: Fig. 3.5 and 
3.6). High WSC level (30-40%) at anthesis was found in the field studies of Yang et al. 
(2000 and 2004b), Goggin and Setter (2004) and Conocono (2002). In the glasshouse, the 
low WSC level (10%) was presented at anthesis in the study of Kühbauch and Thome 
(1989) and Conocono (2002). In addition, similar to this study in glasshouse, their data 
also showed the fast increase thereafter until the maximum WSC accumulation level. 
Kühbauch and Thome (1989) and Conocono (2002) demonstrated that the additional light 
strongly increased the stem WSC level and shading reduced the WSC levels significantly. 
Similar results were also shown by Wagner and Wiemken (1989). The differences in 
stem WSC between glasshouse and field probably was most likely caused by the stronger 
sshouse (400-500 µmol m
-2s
-1).   light in the field (600-700 µmol m
-2s
-1) relative to the gla
4.4.3 Stem WSC level and grain weight 
High stem WSC was not consistently correlated to high grain weight in this Chapter. In 
well-watered plants, the WSC of Westonia and Kauz was significantly higher than that of 
Janz. Accordingly, the thousand grain weight of Westonia was higher relative to Janz. 
However, Janz with the lowest WSC level presented significantly high grain yield 
relative to Westonia and Kauz in well watered plants. In water-deficit plants, the stem 
WSC of Westonia was higher (p<0.05) than Janz but the grain weight of 100 plants was 
similar. Similar results were obtained by Ruuska et al. (2006). The WSC concentration of 
Westonia (202.9 mg g
-1 dry wt) was 49% higher relative to Janz (136.3 mg g
-1 dry wt). 
The single grain weight of Westonia (40.3 mg) was higher that that of Janz (35.7 mg). 
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However, the yield of Westonia (5.7 t ha
-1) was 12% lower that that of Janz (6.5 t ha
-1). 
Ruuska et al. (2006) also stated that it might not reliable to select breeding material only 
depending on the high WSC level. Ehdaie et al. (2006b) reported that the total 
mobilization of WSC from stem to grain is not only dependent on the WSC level in the 
4.4.4 Green leaf retention, deep roots and high peduncle proportion related to 
p<0.4) grain yield relative to Kauz under water-deficit plants. Similar to the 
results in glasshouse, the leaf senescence of Janz and Westonia was delayed compared 
estonia under water deficit was higher relative to its well-
watered plants. The results suggest that root penetration ability of Westonia root was 
stem but also the mobilization efficiency changed due to genotypic diversity.  
drought tolerance 
Green leaf retention is often used as a selection criterion for drought tolerance in rice 
(Malabuyoc et al., 1985; De Datta et al., 1988; Foulkes et al., 2007b; Snape et al., 2007). 
Under water deficit, the senescence of Janz and Westonia was 3.1 and 1.5 days delayed 
compared to Kauz, and most likely accounts for the observation that Janz and Westonia 
had higher (
with Kauz. 
The long and thick root system of upland rice contributes greatly to its drought tolerance 
(Fukai and Cooper, 1995; Price et al., 1997; Ling et al., 2002; Yue et al., 2005). The root 
depth of Westonia was higher (P<0.2) than that of Kauz and Janz in well-watered plants. 
In addition, the root depth of W
enhanced under drought stress. 
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Westonia had the greatest proportion of peduncle in the main stem relative to Kauz which 
was similar to results obtained in the glasshouse (Chapter 3). Based on the literature 
(Ehdaie et al., 2006a and b), the WSC mobilization of the peduncle in Westonia should 
er 3, which indicates that grain filling results from a combination 
of high levels of stem WSC and efficient remobilization of this reserve WSC. Green leaf 
he fructan degradation and translocation 
during grain filling. It was, therefore, important to investigate one of the most important 
enzymes (1-FEH) which break down the fructan (Van den Ende et al., 2003a) in this 
thesis. The analysis is presented in Chapter 5. 
be more efficient compared to the shorter peduncle proportion cultivar such as Kauz in 
water-deficit plants. Kauz had a higher proportion of penultimate and lower internodes.  
In conclusion, the profile of stem WSC of wheat in the field directly under sunlight was 
different from that in the glasshouse. However, it was important to note that the 
maximum WSC level of the wheat stem was not consistently associated with the grain 
yield as found in Chapt
retention, deep roots and high peduncle proportion are also important traits to pre-select 
for drought tolerance.  
The remobilization of stem WSC includes t  84
Chapter 5:  
The genome structure of the 1-FEH genes in wheat: New 
markers to track stem carbohydrates and grain filling QTL in 
breeding 
Abstract 
In the investigation of 1-FEH genes, the wheat genome sequences of three fructan 1-
exohydrolase (1-FEH) genes with seven exons and six introns were isolated by using the 
available 1-FEH w2 cDNA sequence. The major size differences among the three genes 
were located in intron 1 and intron 4. The three 1-FEH genes were mapped to Chinese 
Spring chromosome 6A, 6B and 6D based on polymerase chain reaction (PCR) 
polymorphisms and Southern hybridization. 1-FEH-6A, -6B and -6D corresponded to 
published cDNA sequences 1-FEH w1, w3 and w2, respectively. The overall correlation 
of the mRNA accumulation profile for the 1-FEH genes in stem and sheath leaf tissue in 
relation to the profile of soluble carbohydrate accumulation was consistent with their 
postulated role in stem soluble carbohydrate accumulation.  The accumulation of the 1-
FEH-6B (1-FEH w3) mRNA was 300 fold greater than that of 1-FEH-6A and -6D. The 
relationships between the accumulation of mRNAs and stem water soluble carbohydrate 
(WSC) concentration were found to be consistent with their roles in the remobilization of 
stem WSC and the 1-FEH-6B gene in particular is suggested to provide a new class of 
molecular marker for this trait. 
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5.1 Introduction 
In the wheat stem, fructan accumulation continues during stem growth and anthesis, and 
then declines strongly thus contributing to grain filling (Chapter 3; Pollock and Cairns, 
1991; Schnyder, 1993; Goggin and Setter, 2004). The biosynthesis of fructans includes 
both fructosyl transferases and fructan exohydrolases (FEHs). In this process, 1-FEH is 
postulated to be important not only during the period of fructan breakdown but also as a 
putative β-(2,1)-trimmer during the period of active fructan biosynthesis (Van den Ende 
et al., 2003a). 1-FEH activities are elevated during the fructan breakdown phase in wheat 
stems (Van den Ende et al., 2003a; Yang et al., 2004b; Kawakami et al., 2005) with two 
isoforms of 1-FEH enzymes purified and characterized from this tissue (Van den Ende et 
al., 2003a).  The cDNA sequences of the 1-FEH w1, w2 and w3 were identified by Van 
den Ende et al. (2003a; NCBI submissions) but the gene structures and genome 
sequences remain to be determined.  
In this Chapter, the genome sequences of three 1-FEH genes were isolated based on the 
cDNA of 1-FEH w2 (Van den Ende et al., 2003a). The three genes were mapped on 
different wheat genome chromosomes based on PCR polymorphisms and Southern 
hybridization. The accumulation of mRNAs from the three genes in stem and sheath 
tissue was determined by quantitative reverse transcription PCR (qRT-PCR) using gene 
specific primers. The relationships between the accumulation of mRNAs and stem water 
soluble carbohydrate (WSC) concentration were investigated. 
5.2 Materials and methods 
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5.2.1 Plant materials, growth conditions and sampling 
Wheat lines used in this study were planted in small pots in a glasshouse. The bread 
wheat varieties included Triticum aestivum cv. Chinese Spring (including its nulli-
tetrasomic lines and deletion bin lines), Cranbrook, Halberd, Sunstate and Westonia. The 
diploid species were T. urartu (AA genome), T. monococcum (AA), Aegilops speltoides 
(BB), and Ae. tauschii (DD). Durum wheat cultivars were Langdon (AABB) and Tamaroi 
(AABB). The diploid species and durum wheat cultivars were kindly provided by Prof. 
Jan Dvorak (UC Davis). The Chinese Spring nulli-tetrasomic lines and deletion bin lines, 
and Cranbrook, Halberd, Sunstate were kindly provided by Ms Esther Walker. 
Westonia seeds were pre-germinated by soaking for 19 days at 4°C and grew in well-
watered condition described in Chapter 3. For WSC analysis and RNA extraction, plants 
were harvested between 1100 and 1700 h as previously described (Chapter 3). For DNA 
extraction, fresh and healthy leaves were harvested from three week-old seedlings.  The 
samples were frozen in liquid nitrogen and crushed with a micro-pestle to a fine powder. 
DNA was extracted, purified and analyzed fluorometrically using standard procedures 
(Francki et al., 1997).   
 5.2.2 Database searches and sequence alignment 
Wheat 1-FEH w2 cDNA (AJ508387) sequence was obtained from the National Center 
for Biotechnology Information (http://www.ncbi.nlm.nih.gov) sequence database and was 
used as a query to obtain closely related cell-wall invertase like enzymes from wheat and 
rice (Fig. 5.1). Nucleate sequenced DNA of the genes was examined, edited and multiple 
   87
alignments carried out with SeqED V.1.0.3. The gene structure was identified according 
to the alignment of the respective 1-FEH cDNA sequences to the genomic sequence. 
Exons of the genes were translated using the standard software available from the 
Australian National Genomic Information Service (ANGIS) 
(http://www.angis.org.au/html/index.html). 
5.2.3 Genomic Southern hybridization analysis 
The DNA hybridization analysis was based on Seah et al. (1998). Genomic DNA was 
digested with Dral, BamHI, EcoRI, EcoRV, Hind III, or Xbal, electrophoresed on a 0.8% 
agarose gel, capillary blotted and UV-fixed to a nylon membrane (Hybond-N, 
Amersham). Membranes were hybridized with a DIG random-labelled probe. 
Hybridization conditions were: 4 × SSC, 50% formamide, 0.1% N-lauroyl-sarcosine, 
0.002% SDS, and 2% blocking solution at 42°C. Membranes were washed twice in 2 × 
SSC/0.1% SDS for 5 min at 25°C then 0.2 × SSC/0.1% SDS followed by 0.1 × 
SSC/0.1% SDS, both for 15 min at 68°C. The molecular weight of hybridized bands was 
determined by comparison to a 
32P-labelled λ–Hind III molecular weight marker (Roche 
Molecular Biochemicals).  
5.2.4 Primer design, PCR amplification of genomic DNA and cloning 
Primers for genomic DNA amplification (Table 5.1) were designed based on the 
sequence of 1-FEH cDNA and its conserved regions with other FEHs and cell-wall 
invertase gene sequences. The rice cell-wall invertase gene most closely related to the 
gene family was AK67444. The primer locations are shown in Figure 5.1. For qRT-PCR, 
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primers were designed based on SNPs in each of the three FEH genes to amplify about a 
100 bp fragment of exon 3. GAPDHL and GAPDHR were designed based on the gene 
sequence of cytosolic glyceraldehyde-3-phosphate dehydrogenase. The PCR reaction 
mixture comprised of 1.5 mM MgCl2, 1x PCR buffer II, 200 μM dNTP, 1.2 U AmpliTaq 
DNA Polymerase, 0.4 μM of each primer, and 100 ng of template DNA, in a final 
volume of 25 µL with sterile distilled water. PCR cycling conditions consisted of an 
initial denaturation step of 94°C for 4 min, followed by 30-35 cycles of 94°C for 1 min, 
55°C for 45 sec, 72°C for 1 min, and a final extension cycle at 72°C for 5 min. PCR 
products were cloned into a pGEM-T Easy Vector (Promega), and at least two 
independent clones from each PCR product were sequenced (ABI 377, Applied 
Biosystems). 
Table 5.1 Primers used for the amplification of genomic wheat DNA sequencing and for qRT-
PCR. 
 
CAAAGTGGTCGTTCAGAGCA GAPDHRb CGAAGCCAGCAACCTATGAT GAPDHLb
GCCTGATTTTGATCTATGTCAC FEHw3Rb CCGCGTTAGTGCGGGACA FEHw3Fb
GCCTGATGTTGATCTATGTCG FEHw2Rb CCGCGTTAGTACGGGATA FEHw2Fb
CACCAGTGTATATGATGAC FEHw1Rb CCGCGTTAGTGCGGGATA FEHw1Fb
CAGGACCATTTGGTTAGCG FEH 1310BF
CAACACCATGTGTCGGAC FEH 1843F TACTGTACTATGCTCCACGTG FEH 690F
CAAGTAACTGAGATGGGAAG FEH 2151Ra GCGATCAGATTGGTTACTGTTTC FEH 630F
TTCAGGTGGCATGCACCTTG FEH 1705R CGCATTCAACAATGGAAGTGCC FEH 1901F
ACACACCAAAGCTTCTT FEH 3387R GTGCTCTGATCTAAGAAGGT FEH 1685F
GGCACTTCCATTGTTGAATGCG FEH 1901R CAGGACCATTTGGTTAGCC FEH 1310F
GGCTAACCAAATGGTCCTG FEH 1310R GTCCTTCAGATGACCTTG FEH 1261F 
ACCTTCTTAGATCAGAGCAC FEH 1685R  ATCCGACAACCGGTTGGATC FEH 812F 
GGCTAACCAAATGGTCCTG FEH 1310R  CAAGTGACATAGACGGTTG FEH 592F
GATCCAACCGGTTGTCGGAT FEH 812R   GTGTGCCTTCTCACCAAGGTG FEH 860F
CACCTTGGTGAGAAGGCACAC FEH 860R GTACTACCACTATGCTCCAC FEH 670F 
CAACCGTCTATGTCACTTG FEH 592R CGGATCTACAGTCTCCAGA FEH 2Fa
Reverse primer
5’----3’
Name of 
primer
Forward primer
5’----3’
Name of 
primer
CAAAGTGGTCGTTCAGAGCA GAPDHRb CGAAGCCAGCAACCTATGAT GAPDHLb
GCCTGATTTTGATCTATGTCAC FEHw3Rb CCGCGTTAGTGCGGGACA FEHw3Fb
GCCTGATGTTGATCTATGTCG FEHw2Rb CCGCGTTAGTACGGGATA FEHw2Fb
CACCAGTGTATATGATGAC FEHw1Rb CCGCGTTAGTGCGGGATA FEHw1Fb
CAGGACCATTTGGTTAGCG FEH 1310BF
CAACACCATGTGTCGGAC FEH 1843F TACTGTACTATGCTCCACGTG FEH 690F
CAAGTAACTGAGATGGGAAG FEH 2151Ra GCGATCAGATTGGTTACTGTTTC FEH 630F
TTCAGGTGGCATGCACCTTG FEH 1705R CGCATTCAACAATGGAAGTGCC FEH 1901F
ACACACCAAAGCTTCTT FEH 3387R GTGCTCTGATCTAAGAAGGT FEH 1685F
GGCACTTCCATTGTTGAATGCG FEH 1901R CAGGACCATTTGGTTAGCC FEH 1310F
GGCTAACCAAATGGTCCTG FEH 1310R GTCCTTCAGATGACCTTG FEH 1261F 
ACCTTCTTAGATCAGAGCAC FEH 1685R  ATCCGACAACCGGTTGGATC FEH 812F 
GGCTAACCAAATGGTCCTG FEH 1310R  CAAGTGACATAGACGGTTG FEH 592F
GATCCAACCGGTTGTCGGAT FEH 812R   GTGTGCCTTCTCACCAAGGTG FEH 860F
CACCTTGGTGAGAAGGCACAC FEH 860R GTACTACCACTATGCTCCAC FEH 670F 
CAACCGTCTATGTCACTTG FEH 592R CGGATCTACAGTCTCCAGA FEH 2Fa
Reverse primer
5’----3’
Name of 
primer
Forward primer
5’----3’
Name of 
primer
a FEH2F and FEH2151R are 5’upstream of the initiating methionine and downstream of 
the transcription stop site, respectively.  
b Primers were used for qRT-PCR. 
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Fig. 5.1 Primer locations (indicated by arrows, see also Table 5.1) for genome-level 
sequencing. Note: most primers are located in rice wheat conserved region except that 
two were in 5’upstream and 3’downstream region of 1-FEH w2 gene. The untranslated 
regions are indicated in white. 
 
5.2.5 RNA extraction and real time PCR 
Total RNA was extracted from wheat stem and sheath, which were from three replicates, 
by combining the protocol of TRIzol and RNA extraction kits, according to the 
instructions of the manufacturer (Invitrogen, Carlsbad, CA and Qiagen, Victoria, 
Australia). RNA was quantified by UV spectrophotometry at 260 and 280 nm 
(A260/A280 ~ 2.0; A260 = 40 µg RNA / ml) and confirmed by 1% non-denaturing 
agarose gel electrophoresis and ethidium bromide staining. DNA was removed from total 
RNA extracts by treatment with RNase free DNase I (Qiagen DNase Set). Total RNA 
(1.0 µg) was reversed transcribed with random primers using a High-Capacity cDNA 
Reverse-Transcription Kit (Applied Biosystems).  
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Quantitative Reverse Transcription-PCR (qRT-PCR) was carried out using the Corbert 
Rotor-Gene RG-3000 (Corbett Research, Queensland, Australia).   qRT-PCR reactions 
were carried out in triplicates with the Power SYBR® Green PCR Master Mix and 
contained 1 µL of a 1:500 or 1:50 dilution of template cDNA, 500 nM of each primer 
made to a volume of 20 µL with RNase-free sterile water.  The PCR conditions used 
were 1 cycle 95°C for 10 min, 40 cycles at 92°C for 15 s and 58°C for 60 s. Cytosolic 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcript levels in the different 
samples were used to normalize the amounts of FEH genes. Gene expression was 
quantified using Relative Standard Curve Methods. qRT-PCR products were confirmed 
by electrophoresis on 2% agarose gels, stained with ethidium bromide, and photographed 
under UV light Alpha Imager 2200 (Alpha Innotech Corporation, San Leandro, CA).   
5.2.6 Carbohydrate analysis 
Sample preparation was as described in Chapter 3. Carbohydrates were extracted from 
the main stem (sheath included) using boiling deionized water and quantified by 
colorimetry using the anthrone reagent (Conocono, 2002).   
5.3 Results 
5.3.1 1-FEH gene copy number and chromosome location  
Based on the analysis in Figure 5.1, the primer pairs of FEH2F and FEH592R were 
located in conserved exons and amplified two PCR fragments (2.3 kb and 1.1 kb) from 
Chinese Spring and those fragments included exon 1 and flanking intron 1 (data not 
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shown) of 1-FEH gene. A 366 bp probe was amplified using a primer pair based on the 
sequence of the 1.1 kb fragment. The sequence of this probe showed 74% similarity to 
the equivalent region of the 2.3 kb fragment (data not shown). This probe was used to 
assay the 1-FEH gene family in Southern hybridizations (Fig. 5.2) to determine both the 
1-FEH gene copy number and chromosome locations in Chinese Spring, Cranbrook, 
Halberd, Sunstate, and Westonia. Five or six copies of the 1-FEH genes were identified 
in the bread wheat varieties using 4 restriction endonucleases (Hind III digestion shown 
on Fig. 5.2).  Furthermore, using the nulli-tetra stocks of Chinese Spring, these genes 
were mapped to the group 6 chromosomes (6A, 6B and 6D; Fig. 5.2). In addition, the 
data indicated two copies on both T. monococcum (AA) and Ae. tauschii (DD). Since 
three copies appeared to exist in Langdon (AABB), Tamaroi (AABB), it is likely that 
only one copy exists on BB genome. The probe hybridized more prominently to one class 
of the 1-FEH genes and this class proved to have a shorter intron 1 than the other 1-FEH 
genes. The FEH2F-FEH592R PCR product which included this intron 1 (Fig. 5.1) is 
shown in Figure 5.3a (indicated by a dot) and the analysis of the nullitetra lines assigned 
this sequence to chromosome 6A.  The existence of a present/absent polymorphism for 
this sequence in different wheat varieties (Cranbrook, Halberd) allowed the sequence to 
be also genetically mapped to the short arm of chromosome 6A (Chapter 7, Fig. 7.4). 
This class of 1-FEH gene has been tentatively named 1-FEH-w4 and is currently under 
further investigation (see Chapter 7). 
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Fig. 5.2 Restriction fragment length polymorphism for nulli-tetra stocks of Chinese 
Spring, Chinese Spring, Cranbrook, Halberd, Sunstate and Westonia digested by Hind III. 
Source of probe for RFLP analysis was the 1.1 kb band in the data shown in Fig. 5.3a. 
The wheat missing chromosome 6A (N6AT6B) was also missing the 1.1 kb band, 
indicating a chromosome 6A location. The analysis of the diploid progenitors are also 
shown.). 
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Fig. 5.3 Fragments were amplified by primer pairs of FEH2F and FEH592R from nulli-
tetra stocks of Chinese Spring (a) (N6AT6B, N6BT6A, N6DT6A,); from AA, BB and 
DD diploid genomes (b). Fig. 5.3c shows the different size of intron 4 amplified using 
FEH1310F and FEH1685R from 1-FEH 6A, 1-FEH 6B and 1-FEH 6D and also indicates 
the chromosome location. The 660 bp band was on 6D genome and the 830 bp band was 
on 6B genome while the 730 bp band was on 6A genome. Sizes of the respective bands 
are indicated. Abbreviations: N6AT6B= Nulli 6A tetra 6B; N6BT6A= Nulli 6B tetra 6A; 
N6DT6A= Nulli 6D tetra 6A. 
 
5.3.2 1-FEH gene structure from the AA genome and 6A of Chinese Spring 
The DNA from the diploid A genome donor of hexaploid wheat, T. urartu, was used to 
carry out the initial characterization of the genomic structure.  Two fragments were 
amplified by primer pairs FEH2F and FEH592R (Table 5.1; Fig. 5.1 and 5.3b) and the 
2.3 kb band was cloned to determine the sequence. Only a single band was amplified by 
both primer pair FEH630F and FEH1685R and FEH1310F and FEH2151R (Table 5.1 
and Fig. 5.1). The bands were sequenced using both direct sequencing of the PCR 
product and sequencing of the cloned sequence. From independent sequence reactions, 
only one sequence for introns 1 and 4 was identified suggesting that only a single gene 1-
FEH-AA was present in T. urartu.  
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Comparing the exons from the genomic sequence with the published 1-FEHw2 cDNA 
(AJ508387), the genome sequence clearly presented 7 exons and 6 introns (Fig. 5.4). Its 
coding region started at the 190 bp and ended at the 4317 bp followed by 168 bp on 
3’UTR. The sizes of exon 1-7 were 226 bp, 9 bp, 857 bp, 159 bp, 242 bp, 94 bp and 207 
bp, respectively. The sizes of intron 1-6 were 1666 bp, 91 bp, 108 bp, 287 bp, 91 bp and 
91 bp, respectively. Translated amino acid sequence of 1-FEH-AA was 99.2% identical to 
1-FEH w1 (AJ516025) with only 5 amino acid differences. The similarity to 1-FEH w2 
and 1-FEH w3 (AJ564996) was 97.8% and 96.8%, respectively. 
5’ untranslated region (1-213 bp) 3’ untranslated region (2003-2269 bp)
Wheat 1-FEH w2 cDNA: 
AJ508387
DD from Ae. tauschii
BB from Ae. speltoides
AA from T. urartu
0 4000  3000  2000  1000  500 1500 2500 3500 
DNA length (bp)
0 4000  3000  2000  1000  500 1500 2500 3500  0 4000  3000  2000  1000  500 1500 2500 3500 
DNA length (bp)
 
Fig. 5.4 1-FEH genes isolated from AA, BB and DD diploid genomes. The length of 
exons and introns are indicated. The untranslated regions are indicated in white. 
     
 In order to identify the 1-FEH-6A gene structure on chromosome 6A of Chinese Spring, 
the sequence was amplified by primer pairs FEH2F and FEH592R; FEH630F and 
FEH1685R; and FEH1310F and 2151R (Fig. 5.5). The 1-FEH-6A and 1-FEH-AA genes 
were almost identical in regions in intron 1 (the 2.3 kb fragment in Fig. 5.3a and b) and 
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intron 4 (730 bp band of Fig. 5.3c) as well as the other introns (Fig. 5.5).  The regions of 
intron 1 and intron 4 are particularly diagnostic for the different 1-FEH genes at the 
genome level, especially due to the size differences.  
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Fig. 5.5 1-FEH genes isolated from bread wheat chromosomes 6A, 6B and 6D. Arrows 
indicate the location of primers using for sequencing. The untranslated regions are 
indicated in white. 
 
The genome sequence of 1-FEH-6A had high similarity (99%) to 1-FEH-AA. The intron 
regions of 1-FEH-6A and 1-FEH-AA showed 2 bp and 1 bp deletion in intron 3 and 4 
respectively. The 3’ UTR was the same size in both genes. There was a 24 bp insertion in 
the 5’ UTR of 1-FEH-6A relative to 1-FEH-AA. The translated amino acid sequence of 1-
FEH-6A was 99.2% identical to 1-FEH-AA with only 5 amino acid differences, but was 
100% identical to 1-FEH w1 gene even though there was one bp difference within the 
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coding region; the 6
th bp after the start codon. An additional 212 bp in 5’ UTR were 
determined by comparing with the cDNA of 1-FEH w1 gene. The translated amino acid 
sequence of 1-FEH-6A was 98.3% and 97% identical to 1-FEH w2 and  1-FEH w3, 
respectively.  
A slightly greater resolution in the physical mapping was based on the analysis of cv 
Chinese Spring deletion bins (Endo and Gill, 1996). Primer pair of FEH630F and 
FEH1705R was specific to 1-FEH-6A based on the size difference on intron 1. As shown 
in Figure 5.6, the 1.5 kb band characteristic of 1-FEH-6A was missing from 6AS1 while 
6AL-8 bin lines had expected 1.1 and 1.5 kb fragments. Therefore, 1-FEH-6A was 
mapped to 6AS1. 
6AS1
6AL-8
6BL3
6
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S
1
6
A
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Fig. 5.6 1-FEH-6A, 1-FEH-6B and 1-FEH-6D were mapped on Chinese Spring deletion 
bins.  1-FEH-6A were mapped on 6AS1, 1-FEH-6B were mapped on 6BS3 using 
FEH630F and FEH1750R (from intron 1, see Fig. 5.5).  It is noted that the two bands for 
6BS5 and requires further investigation. 1-FEH-6D was mapped on 6D deletion bin DS4 
using FEH670F and FEH860R from intron 1, see Fig. 5.5. 
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5.3.3 1-FEH gene structure on the BB genome and 6B of Chinese Spring 
e sequence was characterized for Ae. speltoides 
(BB genome) (summarized in Fig. 5.4).  
re 6 bp deletions in exon 1 resulting in the loss of two amino acids, G 
(Gly) and S (Ser). 
on1 was 223 bp; intron 1 was 
1480 bp; intron 4 was 382 bp and the 3’ UTR was 170 bp. 
The DNA from a diploid species closely related to the BB genome, Ae. speltoides 
(AS01), was used as the template for a PCR amplification using primer pairs FEH2F and 
FEH592R; FEH690F and FEH1310R; FEH1843F and FEH1685R; and FEH1310F and 
FEH2151R (Table 5.1, Fig. 5.1 and Fig. 5.3b). As for the A genome 1-FEH, the overlap 
of the sequences analyzed, especially in intron 1 and intron 4, in addition to the other 
introns, meant that the whole gene genom
The 1-FEH-BB gene structure was the same as the gene from AA genome except that it 
had a shorter intron 1 (1324 bp) and intron 3 (106 bp) while intron 4 was 2 bp longer 
(289 bp). There we
The B-genome 1-FEH was amplified from Chinese Spring DNA using primer pairs 
FEH2F and FEH1685R; FEH1310F and FEH2151R (Fig. 5.5). The assembled sequence 
overlapped in intron 4 with 100% sequence identity which was also identical to the 
sequence obtained from the 830 bp band shown in Figure 5.3c.  The absence of 
heterogeneity in the sequencing was consistent with the presence of a single gene on 
chromosome 6B of Chinese Spring. As for the chromosome 6A gene, the 1-FEH-6B gene 
consisted of 7 exons and 6 introns, and most of the exon and intron sizes were also the 
same as 1-FEH-6A except that the 5’UTR was 218 bp; ex
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The genome sequence similarity of 1-FEH-6B was 93.1% compared to 1-FEH-BB. The 
1-FEH-6B gene had a 3 bp insertion in exon 1 relative to 1-FEH-BB, resulting in one 
more amino acid - G (Gly) in exon 1. The amino acid sequence had 96.3% similarity with 
1-FEH-BB (21 amino acid differences between them).  
The 1-FEH-6B translated amino acid sequence was 99.5% identical to 1-FEH w3 gene 
caused by three DNA base pairs differences. Two were in exon 3 (Ala and Pro instead of 
Val and Ser respectively), the other was in exon 7 (Gly instead of Ser).  Also it had 
96.5% and 97% similarity to 1-FEH w1 and  1-FEH w2, respectively.  The genomic 
sequence of 1-FEH -6B reported here provides an additional 148 bp in the 5’ UTR 
relative to the 1-FEH w3 gene.  
The 1-FEH-6B was mapped to cv Chinese Spring deletion bins using the same primer 
pair of FEH630F and FEH1705R used for 1-FEH-6A (Fig. 5.6). There was no 1.1 kb 
band on 6BS3 while the other deletion bin lines had both of the 1.1 kb and 1.5 kb 
fragments. Therefore, 1-FEH-6B was mapped to 6BS3. Unexpectedly there were 
reproducibly two bands on 6BS5 which needs further investigation. 
5.3.4 1-FEH gene structure on the DD genome and 6D of Chinese Spring 
The donor of the D genome to hexaploid wheat, Ae. tauschii, was used as a source of 
DNA to provide a template for amplification using the primer pairs FEH2F and 592R; 
FEH670F and  FEH1685R; FEH1310BF and FEH2151R (Table 5.1; Fig. 5.1 and 5.3b).  
Based on the sequence similarity in the diagnostic regions of intron 1 and intron 4, a 
single gene 1-FEH-DD was deduced from the alignment sequences. The gene structure 
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(Fig. 5.4) was similar to 1-FEH-AA gene structure except that there was 211 bp in 
5’UTR, 223 bp for exon 1, 1586 bp for intron 1, 106 bp for intron3 and 230 bp for intron 
4. 
The exons from the genomic sequence translated to an amino acid sequence that was 
99.5% identical to the 1-FEH w2 gene. There were three amino acid changes: one was in 
exon 3, (Gly replacing Glu); two were in exon 5 (Val and Ser replacing Asp and Pro 
respectively). The exons of 1-FEH-DD constituted a gene that was 98.4% identical to the 
1-FEH w2 gene sequence. It also had 98% and 97.1% identity to 1-FEH w1 and 1-FEH 
w3, respectively.  
The sequence primer pairs FEH2F and FEH592R; FEH860F and FEH1685R; and 
FEH1310BF and FEH2151R were also used to amplify the gene on chromosome 6D of 
Chinese Spring as described above for the 6A and 6B 1-FEH genes.  Intron 4 was 
identical to the 660 bp band that was located on chromosome 6D of Chinese Spring (Fig. 
5.3c). The gene structure (Fig. 5.5) was very similar to that on 6A except that there was 
210 bp in the 5’UTR; 223 bp in exon 1; 1607 bp in intron 1 and 217 bp in intron 4. 
The 1-FEH-6D genome sequence had 96.2% similarity with 1-FEH-DD. The differences 
were caused by a 21 bp insertion in intron 1, a 14 bp deletion and one bp insertion in 
intron 4, a 3 bp deletion and a 2 bp insertion in 5’UTR. There was 99.5% similarity of 
amino acid sequences between 1-FEH-6D and 1-FEH-DD. The 1-FEH-6D exons 
translated into an amino acid sequence that was identical to 1-FEH w2 gene without any 
amino acid change even though three DNA base pairs were different from the 1-FEH w2 
gene. Two of these differences were in the 5’UTR region and one was located in exon 3. 
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The amino acid sequence of 1-FEH-6D was 98.3% and 97.5% identical to 1-FEH w1 and 
1-FEH w3, respectively. 
Primer pair FEH670F and FEH860R was specific to 1-FEH-6D intron 1. A single band 
(1 kb) was amplified from this gene. As shown in Figure 5.6, 6DS2 and 6DS4 deletion 
lines on the short arm of 6D did not present a band while both 6DS6 and 6DL6 deletion 
lines present one band. Therefore, the 1-FEH-6D was mapped to the distal end of 
chromosome 6D. 
5.3.5 Comparison of 1-FEH-6A (1-FEH w1), 1-FEH-6B (1-FEH w3) and 1-FEH-6D 
(1-FEH w2) genes 
Three genes were compared by clustalW (http://www.angis.org.au/html/index.html) and 
the following differences were observed. There was a 3 bp (GTC) deletion in exon 1 of 1-
FEH-6B compared with 1-FEH-6A which caused the loss of a Val amino acid. A triplet 
of GGA was deleted on exon 1 of 1-FEH-6D and as a result a Gly amino acid was lost by 
comparison with 1-FEH-6A. 
Intron 4 of the three 1-FEH genes proved to be the most variable in DNA sequence (Fig. 
5.3c and Fig. 5.7). The 1-FEH-6D gene had the smallest intron 4 while the 1-FEH-6B 
had the largest and 1-FEH-6A was intermediate. There exists a 69 bp deletion of 1-FEH-
6D in intron 4 relative to 1-FEH-6A. In addition, there was a 98 bp insertion in intron 4 of 
1-FEH-6B relative to 1-FEH-6A as well as 20 bp differences. 
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In intron 1, there were large differences among the three copies even through they had 
almost 1100 bp of relatively conserved sequence. 1-FEH-6B had the shortest intron 1 
(1480 bp), while 1-FEH-6A had the longest (1666 bp) and 1-FEH-6D was intermediate 
(1607 bp). The identity of 1-FEH-6B and 1-FEH-6D was 91.5 and 83.9%, respectively, 
relative to 1-FEH-6A in intron 1. The identity between 1-FEH-6B and 1-FEH-6D was 
82.1% in intron 1. According to this, 1-FEH-6B was closer to 1-FEH-6A in the wheat 
evolution process. 
In the 5’ UTR region, relative to 1-FEH-6A, there was an 8 bp deletion and a 4 bp 
insertion in 1-FEH-6D, and a 4 bp deletion and an 8 bp insertion in 1-FEH-6B apart from 
several bp. In 3’ UTR, 1-FEH-6B had a 2 bp insertion compared with 1-FEH-6A in 
addition to 2 base pair differences. In this region, 1-FEH-6D was 100% identical to 1-
FEH-6A.  
In intron 3, 1-FEH-6D and 1-FEH-6B had 4 bp differences from 1-FEH-6A. In intron 5, 
1-FEH-6D and 1-FEH-6B had 1 and 9 bp differences from 1-FEH-6A, respectively. In 
intron 6, 1-FEH-6D was 100% identical to 1-FEH-6A while 1-FEH-6B had one bp 
difference.     
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1-FEH 6B       TAGAGATAGGTTTTGAGCTGGCGTCCATCGATGACGCCGATCCTTTTGATCCTTCCTGGC
1-FEH 6A       TAGAGATAGGTTTTGAGCTGGCGTCCATCGATGACGCCGATCCTTTTGATCCTTCCTGGC
1-FEH 6D       TAGAGATAGATTTTGAGCTGGCGTCCATCGATGACGCCGATCCTTTTGATCCTTCCTGGC
1-FEH 6B       TTGTATTTTCCAGAGAAGCTGTAGCTAATTAGGCACACATTTTCTTGAAACAGGCTGATG
1-FEH 6A       TTGTATTTTTCAGAGAAGCTGTAGCTAATTAGGCACACATTTTCTTGAAACAGGCTGATG
1-FEH 6D       TTGTATTTTTTAGAGAAGCTGTAGCTAATTAGGCACACATTTTCTTGAAACAGGCTGATG
1-FEH 6B       AGAGGTAATACATTTTTGGCAACAAAAAGATAGGCATACATACTTAAGCTTTGGTGTGTT
1-FEH 6A       AGAGGTAGTACATTTTTGGCAACAAAAAGATAGGCATACATACTTAAGCTTTGGTGTGTT
1-FEH 6D       ----------------------------------------------AGCTTTGGTGTGTT
1-FEH 6B       TATACTAGAGTTAGTACAAAGTGAGACACTTATTTTGGGACGGAGGGAGTATTTAGTTAC
1-FEH 6A       ---------------------TAAGACAACTTATAT-------------TTAGTAGTTAC
1-FEH 6D       ---------------------TAAGA----------------------------------
1-FEH 6B       GCAAAAAAAGTCTTATACTCCCTCCGTCCCAAAATAAGTGTCTCAACCTTAGTACAATTT
1-FEH 6A       ------------TCATACTACCTCTGTAACTAAATA------------------------
1-FEH 6D       ------------TAGTACTACCTCTGTAACTAAATA------------------------
1-FEH 6B       TCTTCTGATAATAACTAATTATGGATAGTACTACCTCTGTAACTAAATGTAAGTTGAACT
1-FEH 6A       TCTTCTGATAATAACTAAATATGGATA--------------------------TTGGA--
1-FEH 6D       TCTTCTGATAATAACTAAATATGGATA--------------------------TTGGA--
1-FEH 6B       GTCTTCCGAAGAACCCTTCTTT-ACTTCAAAAA-GTGTTATGCCAGTAAAAGCTGTAGGG
1-FEH 6A       GTCTTCCGAAGAACCCTTTTTTTACTTCAAAAAAGTGTTATGCCAGTAAAAGCTGTAGGG
1-FEH 6D       GCCTTCCGAATAACCCTTTTT--ACTTCAAAAAAGTGTAATGCCAGTAAAAGCTGTACGG
1-FEH 6B       TTGAGATCAAGGAAGTTGACGCTTTTCAGGTAGTTTTCTTTTCACAAACATGCTTACTTG
1-FEH 6A       TTGAGATCAAGGAAGTTGACGCTTTTCAGGTAGTTTCCTTTTCACAGACATGCTTACTTG
1-FEH 6D       TTGAGATCAAGGAAGTTGACGCTTTTCAGGTAGTTTCCTTTTCACAGACATGCTTGCTTA
1-FEH 6B       TAGAGATAGGTTTTGAGCTGGCGTCCATCGATGACGCCGATCCTTTTGATCCTTCCTGGC
1-FEH 6A       TAGAGATAGGTTTTGAGCTGGCGTCCATCGATGACGCCGATCCTTTTGATCCTTCCTGGC
1-FEH 6D       TAGAGATAGATTTTGAGCTGGCGTCCATCGATGACGCCGATCCTTTTGATCCTTCCTGGC
1-FEH 6B       TTGTATTTTCCAGAGAAGCTGTAGCTAATTAGGCACACATTTTCTTGAAACAGGCTGATG
1-FEH 6A       TTGTATTTTTCAGAGAAGCTGTAGCTAATTAGGCACACATTTTCTTGAAACAGGCTGATG
1-FEH 6D       TTGTATTTTTTAGAGAAGCTGTAGCTAATTAGGCACACATTTTCTTGAAACAGGCTGATG
1-FEH 6B       AGAGGTAATACATTTTTGGCAACAAAAAGATAGGCATACATACTTAAGCTTTGGTGTGTT
1-FEH 6A       AGAGGTAGTACATTTTTGGCAACAAAAAGATAGGCATACATACTTAAGCTTTGGTGTGTT
1-FEH 6D       ----------------------------------------------AGCTTTGGTGTGTT
1-FEH 6B       TATACTAGAGTTAGTACAAAGTGAGACACTTATTTTGGGACGGAGGGAGTATTTAGTTAC
1-FEH 6A       ---------------------TAAGACAACTTATAT-------------TTAGTAGTTAC
1-FEH 6D       ---------------------TAAGA----------------------------------
1-FEH 6B       GCAAAAAAAGTCTTATACTCCCTCCGTCCCAAAATAAGTGTCTCAACCTTAGTACAATTT
1-FEH 6A       ------------TCATACTACCTCTGTAACTAAATA------------------------
1-FEH 6D       ------------TAGTACTACCTCTGTAACTAAATA------------------------
1-FEH 6B       TCTTCTGATAATAACTAATTATGGATAGTACTACCTCTGTAACTAAATGTAAGTTGAACT
1-FEH 6A       TCTTCTGATAATAACTAAATATGGATA--------------------------TTGGA--
1-FEH 6D       TCTTCTGATAATAACTAAATATGGATA--------------------------TTGGA--
1-FEH 6B       GTCTTCCGAAGAACCCTTCTTT-ACTTCAAAAA-GTGTTATGCCAGTAAAAGCTGTAGGG
1-FEH 6A       GTCTTCCGAAGAACCCTTTTTTTACTTCAAAAAAGTGTTATGCCAGTAAAAGCTGTAGGG
1-FEH 6D       GCCTTCCGAATAACCCTTTTT--ACTTCAAAAAAGTGTAATGCCAGTAAAAGCTGTACGG
1-FEH 6B       TTGAGATCAAGGAAGTTGACGCTTTTCAGGTAGTTTTCTTTTCACAAACATGCTTACTTG
1-FEH 6A       TTGAGATCAAGGAAGTTGACGCTTTTCAGGTAGTTTCCTTTTCACAGACATGCTTACTTG
1-FEH 6D       TTGAGATCAAGGAAGTTGACGCTTTTCAGGTAGTTTCCTTTTCACAGACATGCTTGCTTA
 
Fig. 5.7 Sequence differences among 1-FEH-6A, -6B and -6D genes in intron 4. Data 
shows 69 base pairs deletion of 1-FEH-6D and 98 base pairs insertion of 1-FEH-6B 
relative to 1-FEH-6A. 
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Fig. 5.8 (a) The profile of main stem (sheath included) WSC concentration (upper panel) 
and the related grain filling (lower panel) on well-watered Westonia. (b) 1-FEH w1 (1-
FEH 6A), 1-FEH w2 (1-FEH-6D) and 1-FEH w3 (1-FEH-6B) gene expression patterns 
measured separately on stem and sheath tissues. The filled columns indicate the mRNA 
levels in stem tissue with standard error indicated; the white columns indicate the mRNA 
levels in sheath tissue with standard error indicated. 
 
5.3.6  Correlation of water soluble carbohydrate concentration and FEH gene 
expression pattern 
Stem water soluble carbohydrate is one of the sources for grain filling (Blacklow et al., 
1984; Kühbauch and Thome, 1989). As Fig. 5.8a shows, the WSC started to increase 6 
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days before anthesis and reached 30% of the dry weight at 31 days after anthesis and then 
dropped. The related grain weight rose sharply 10 days after anthesis and then reached a 
plateau. The correlation of WSC accumulation and grain filling is consistent with 
literature reports, implicating WSC in grain filling.  
estonia cDNA. This 
proved that there was no genome DNA in the q-RTPCR template.   
The expression of fructan exohydrolase genes, 1-FEH w1 (1-FEH-6A), 1-FEH w2 (1-
FEH-6D) and 1-FEH w3 ( 1-FEH-6B) was measured using  quantitative reverse 
transcription-PCR (qRT-PCR) (Fig. 5.8b). Specific primer pairs were designed based on 
single nucleotide polymorphisms (SNPs) in exon 3 of the three genes. By using nulli-tetra 
lines of Chinese Spring, as shown in Figure 5.8, one specific primer pair utilized for the 
amplification of reverse transcript PCR (RT-PCR) only amplified a specific gene. Primer 
pair FEHw1F and FEHw1R only amplified from 1-FEH-6A; primer pair FEHw2F and 
FEHw2R amplified 1-FEH-6D and primer pair FEHw3F and FEHw3R amplified 1-FEH-
6B. A house-keeping gene (cytosolic glyceraldehyde-3-phosphate dehydrogenase, 
GAPDH) was also analyzed in sheath and stem tissue as an internal control for a 
consistent amplification in the experiments. Both cDNA and genomic DNA of Westonia 
were amplified using the house-keeping gene primer pair (GAPDHL and GAPDHR) 
(Fig. 5.9). When using Westonia DNA, the fragment size amplified by GAPDHL and 
GAPDHR was 400 bp while the fragment size was 200 bp using W
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Fig. 5.9 Specific primer pairs were designed to specific genes. FEHw1F +1R amplified 1-
FEH w1, FEHw2F+2R amplified 1-FEH w2 and FEHw3F+3R amplified 1-FEH w3 (See 
also Table 5.1). GAPDHL+R amplified the house keeping gene of cytosolic 
glyceraldehyde-3-phosphate dehydrogenase (See Table 5.1). M: Marker; CK: negative 
control. 
 
The qRT-PCR results (Fig. 5.8b) indicated that 1-FEH w3 ( 1-FEH-6B) presented 
significantly high accumulation level compared with the levels of 1-FEH w1 (1-FEH-
6A), and 1-FEH w2 (1-FEH-6D) in both stem and sheath. However, the level and pattern 
of the three genes differed with tissue type. 1-FEH w3 (1-FEH-6B) expression in the 
sheath continued increasing to over 1260 units at the last sample date, whereas in the 
stem, it increased to 380 units at 30 days after anthesis and then dropped to 230 units at 
day 50 (Fig. 5.8b). Stem 1-FEH w1 (1-FEH-6A),  and 1-FEH w2 (1-FEH-6D) and sheath 
1-FEH w1(1-FEH-6A),  gave similar patterns of accumulation with the maximal levels of 
24, 32 and 32 units, respectively, attained 24 to 33 days after anthesis which correlated 
with the WSC pattern of the same stem and sheath (Fig. 5.8a and b).  
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5.4 Discussion 
5.4.1 Identification of 1-FEH gene structure and chromosome location  
Two fructan 1-exohydrolase cDNAs (1-FEH w1 and w2) were cloned and characterized 
from senescent winter wheat stems (24 days after anthesis) by Van den Ende et al. 
(2003a). The cDNA sequence of 1-FEH w3 was submitted to National Center for 
Biotechnology Information (NCBI, accession no. AJ564996). Based on the cDNA 
sequence of 1-FEH w2, three homeologous genes were isolated from the genome 
sequence of bread wheat (Chinese Spring). These three copies each have 7 exons and 6 
introns. The exon sequences were highly conserved (over 97%) but the introns presented 
both size and nucleotide variation, especially within intron 1 and intron 4. Based on the 
variation within introns 1 and 4, the three gene copies were mapped to chromosome 
regions on the short arms of 6A, 6B and 6D. At the translated amino acid sequence level, 
the gene from 6A (1-FEH-6A) was identical to 1-FEH w1; gene from 6B (1-FEH-6B) 
was mostly similar to 1-FEH w3 and the gene from 6D was identical to 1-FEH w2.  
The definition of the genes studied as FEHs was based on Le Roy et al. (2007).  It is 
evident that FEHs are part of the large family of genes called invertases.  For example, 
the FEHs in this paper have the characteristic 9-bp mini exon corresponding to the β – 
fructosidase motif (Yoshida et al., 2004; Ji et al., 2005) as exon 2. The 27-bp genomic 
sequence around the mini exon was also identical across the three FEHs.  Le Roy et al. 
(2007) suggested distinguishing FEHs as a subgroup among invertases using the amino 
acid located at position 239 as a diagnostic.  The FEHs were defined as the genes that did 
not have D239/K242 interaction homolog. 
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According to the study of Yang et al. (2007), quantitative trait loci (QTL) for thousand 
grain weight, grain filling efficiency at early and late stage, stem WSC at the maturity 
stage are located on 6AS1 and 6BS3 regions. Since 1-FEH-6A and 1-FEH-6B were 
mapped to 6AS1 and 6BS3, respectively, it is speculated that the 1-FEH genes might be 
correlated to these QTL. 
5.4.2 1-FEH mRNA levels during fructan remobilization and grain filling 
In a recent study, Yang et al. (2007) reported that the stem WSC at grain filling was 
significantly correlated to thousand grain weight. The work in this Chapter confirmed the 
consistent pattern of stem and sheath WSC (mainly fructan) accumulation and the related 
increase in grain weight (Fig. 5.8a). The degradation of fructan in wheat stems to a low 
degree of polymerization (DP) has been well characterized using both C18 and anion-
exchange chromatography with pulsed amperometric detection (AECPAD; Bancal et al., 
1993). During the mobilization of fructan from the stems and subsequent gain in grain 
weight,  1-FEH activity increases considerably (Van den Ende et al., 2003a). A 
comparison with different types of tissue from adult wheat plants (Van Riet et al., 2006), 
indicated that 1-FEH activity was mostly present in the stem. 1-FEH activity in the stem 
was also measured at different stages (Yang et al., 2004b) and the results showed that 
maximal FEH activity in well-watered plants appeared between 24 to 33 days after 
anthesis. Water deficit substantially enhanced the activities of fructan exohydrolase 
(FEH) and sucrose phosphate synthase (SPS) as well (Yang et al., 2004b). According to 
Yang et al. (2004b), sucrose levels increased sharply during the reduction of stem WSC 
(fructans) and promoted the re-allocation of pre-fixed 
14C from the stems to grain. Their 
   108
study indicated that FEH not only degraded stem fructan and contributed to grain filling, 
but also was one of the regulatory enzymes activated by drought stress and facilitated the 
remobilization of carbon reserves in the stem to the grain. Consistent with these 
observations, Van Riet et al. (2006) demonstrated that the normalized gene expression of 
1-FEH w2 showed maximal accumulation in the stem relative to different types of tissues 
from  adult wheat plants. Another 1-FEH (Lp1-FEHa) from Lolium perenne was detected 
to be associated with the fructan content in leaf tissues (Lothier et al., 2007).  
In the recent study of Xue et al. (2008), the stem WSC and fructan concentrations 
appeared to have a strong positive correlation to the mRNA levels of two fructan syntenic 
enzyme families (sucrose:sucrose 1-fructosyltransferase and sucrose:fructan 6-
fructosyltransferase) in the stem  at anthesis. The mRNA levels of enzyme families 
involved in sucrose hydrolysis (sucrose synthase and soluble acid invertase) were 
inversely correlated with WSC concentrations. The lack of correlation with 1-FEH and 6-
FEH measurements in Xue et al. (2008) is due to the fact that mRNA levels of FEH were 
likely to be low at the time (anthesis stage) these authors sampled tissues for analysis 
(Fig. 5.8b).  
In the present study, the primer pair for 1-FEH w2 used by Van Riet et al. (2006) was 
found to amplify both 1-FEH w1 and 1-FEH w2 genes. The sheath and stem was 
separated for assaying 1-FEH gene mRNA accumulation using the primer pairs that were 
specific to each individual gene. The primer pairs used in qRT-PCR were located on exon 
3. According to the normalized levels of 1-FEH mRNA accumulation, the 1-FEH w1 was 
similar to 1-FEH w2 except for the lower level of 1-FEH w2 in the sheath (highest value 
   109
40 units, Fig. 5.8b). In contrast, the normalized expression level of 1-FEH w3 was 
significantly higher in both stem (~400 units) and sheath (~1400 units) tissues which was 
about 10 and over 300 fold that of 1-FEH w1 in the stem and sheath and that of 1-FEH 
w2 in the stem, respectively. The gene mRNA accumulation patterns of 1-FEH in this 
study correlated with the pattern of the FEH enzymatic activity in stems of wheat (Yang 
et al., 2004b) and also matched the pattern of high level of stem WSC (mainly fructan) 
accumulation assayed in the same period. The observation that 1-FEH w3 was the main 
locus expressed in the tissues of interest is consistent with the observations by Mochida et 
al. (2004) who found that hexaploid nature of wheat leads to differential expression of 
genes in the A, B and D genomes in a tissue specific manner. The continued 
accumulation of 1-FEH w3 mRNA in both stem and sheath indicated that 1-FEH w3 
contributes to the majority of FEH activity in the stem and sheath of wheat during fructan 
breakdown and thus plays an important role in later grain filling, especially in plants 
subjected to water deficit.   
In conclusion, three homoeologous copies of 1-FEH gene were isolated from bread wheat 
(Chinese Spring) and were identical to 1-FEH w1 (6A), 1-FEH w2 (6D) and 1-FEH w3 
(6B). These genes were mapped to chromosome locations which co-located to the QTL 
for thousand grain weight, grain filling efficiency at early and late stage, and stem WSC 
at maturity identified by Yang et al. (2007). The high gene expression level of 1-FEH 
gene associated with the high activity of FEH during grain filling indicated that the 1-
FEH genes may be important as regulatory genes which contribute to the one thousand 
grain weight. The high gene product levels of 1-FEH w3 in stem and sheath indicated it is 
the major gene contributing to FEH activity to facilitate fructan degradation and late 
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grain filling. It is possible that wheat lines with 1-FEH w1 and 1-FEH w2 activity as well 
as 1-FEH w3 may provide a valuable breeding target in order to achieve higher levels of 
WSC (more efficient β-2,1 trimming activity) up to approximately 30 days post anthesis 
and more efficient mobilization of fructans thereafter. 
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Chapter 6:  
Water deficit in wheat: fructosyl exohydrolase (1-FEH) mRNA 
expression and relationship to soluble carbohydrate concentrations in 
two varieties 
 
Abstract 
The 1-FEH gene express was closely correlated to the level of stem WSC level in well-
watered plants in Experiment 1 (Chapter 5). The relationship in plants subjected to water-
deficit is explored in this Chapter using two bread wheat varieties, Kauz and Westonia 
grown for Experiment 2 (Chapter 3). The molecular data for the time course of WSC 
accumulation demonstrated that terminal drought accelerated the remobilization of the 
stem WSC in Westonia but not in Kauz. This study demonstrated that the profile of WSC 
accumulation and loss was negatively correlated with the mRNA level of 1-FEH, 
especially 1-FEH w3 (1-FEH-6B) in two varieties. Under terminal drought, the total stem 
WSC mobilization not only depended on the level of the stem WSC but also on the 
remobilization efficiency based on the genotypic variation, especially the different gene 
expression level of 1-FEH w3 which would have a significant impact on the degradation 
of fructans. The rate of accumulation and remobilization of stem WSC varied among 
different genotypes and the analysis suggested that stem WSC level is not, on its own, a 
reliable criterion to identify potential grain yield in wheat exposed to water deficits 
during grain filling. The expression of 1-FEH w3 may provide a better indicator of water-  112
deficit tolerance when linked to the parameters which were defined in Chapter 3, namely, 
instantaneous water-use efficiency, osmotic potential and green leaf retention. 
6.1 Introduction 
In Chapter 3, the maximum level of the stem WSC of Kauz (22%) was shown to be 
significantly higher relative to Westonia (14%) in the water-deficit treatment (Table 3.3). 
The loss of stem WSC in Westonia under water deficit was accelerated by comparison 
with well-watered plants. In contrast, the loss of the stem WSC in Kauz was similar 
between water-deficit and well-watered plants.  
Fructan is the dominant form of long-term carbohydrate storage in the vegetative parts of 
temperate grasses and cereals (Blacklow et al., 1984; Kühbauch and Thome, 1989; 
Turner et al., 2008). At the stage of maximum water soluble carbohydrate (WSC) 
content, fructans represent 85% of the WSC in wheat stem internodes (Blacklow et al., 
1984; Turner et al., 2008). The biosynthesis of fructans includes the enzymes 
fructosyltransferases and fructan exohydrolases (FEHs) (Goggin and Setter, 2004; Xue et 
al., 2008). FEHs include 1-FEHs and 6-FEHs. Sucrose inhibits 1-FEH w1, w2 and w3 
involved in the degradation of fructan and therefore, when there is excess sucrose, the 
degradation of fructans does not occur (Van den Ende et al., 2004). When the demand for 
grain filling is high and sucrose becomes limiting, fructans are degraded by 1-FEHs to 
release more sucrose and fructose. Therefore, 1-FEH w1, w2 and w3 are very important 
for maintaining the flow of carbon required for grain filling. In contrast, 6-FEHs are not 
inhibited by sucrose, suggesting that it might not be involved in reserve mobilization 
(Van Riet et al., 2006).   113
The hypothesis examined in this Chapter is that the activities of 1-FEH gene might 
explain the observed differences of these phenotypes. In this study, 1-FEH w1 (1-FEH-
6A), 1-FEH w2 (1-FEH-6D) and 1-FEH w3 (1-FEH-6B) were analysed using the same 
samples as for WSC analysis (Chapter3, Fig. 3.5).  
6.2 Materials and methods 
 Wheat (Triticum aestivum L.) cultivars, Kauz and Westonia were selected from 
experiment 2 (Chapter 3) for this study. The main stem sheath and stem samples were 
combined for 2-4 plants and assayed for 1-FEH gene mRNA accumulation using the 
primer pairs located on exon 3 of 1-FEH genes that were specific to each individual gene 
(as described in Chapter 5). RNA extraction and real time PCR were the same as 
described in Chapter 5. Cytosolic glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
transcript levels in the different samples were used to normalize the amounts of FEH 
genes. Gene expression was quantified using the Relative Standard Curve Method (as 
described in Chapter 5). The data were plotted using means and standard error bars. 
6.3 Results 
6.3.1 Correlation of water soluble carbohydrate concentration and FEH gene 
expression 
The stems (sheath included) of Kauz and Westonia in both water-deficit and well-watered 
plants were selected for gene expression analysis over time. The qRT-PCR results (Fig. 
6.1) indicated that 1-FEH w3 ( 1-FEH-6B) had a much higher accumulation level   114
compared with the levels of 1-FEH w1 (1-FEH-6A), and 1-FEH w2 (1-FEH-6D). The 
expression of 1-FEH w3 (1-FEH-6B) in Westonia was ~40 units 2 days before anthesis 
and continued increasing steadily in both water-deficit and well-watered plants. Ten days 
after anthesis, it increased markedly in water deficit plants and reached peak of ~170 
units at 24 days after anthesis then decreased, whereas in well-watered plants, it 
maintained the level then increased at 24 days after anthesis. The expression of 1-FEH 
w3 (1-FEH-6B) in Kauz was ~20 units at 4 days before anthesis and steadily increased up 
to ~40 units 10 days after anthesis, and then increased at a higher rate until reaching the 
maximum level of approximately 80 units. The rate increase in water-deficit plants was 
slightly higher than that of well-watered plants but the highest level was below 80 units. 
1-FEH w1 (1-FEH-6A) accumulation in Kauz and Westonia in water deficit was slightly 
higher than in well-watered plants. The accumulation level of 1-FEH w2 (1-FEH-6D) in 
water-deficit plants was double the level in well-watered plants at 22 and 24 days after 
anthesis. Nevertheless, the highest level of 1-FEH w1 and w2 was only ~ 10 units. 
The accumulation of 1-FEH w1 (1-FEH-6A), 1-FEH w2 (1-FEH-6D) and especially, 1-
FEH w3 (1-FEH-6B) was negatively correlated with the pattern of WSC variation at the 
same stage (Fig. 6.1; Chapter 3, Fig. 3.5). The WSC level of Westonia fell 15 days after 
anthesis under water deficit while the accumulation level of 1-FEH w3 ( 1-FEH-6B) 
increased sharply. In well-watered plants, the stem WSC level in Westonia dropped 24 
days after anthesis while the accumulation of 1-FEH w3 (1-FEH-6B) started increasing. 
On the other hand, the WSC level of Kauz under water deficit was similar to that of well-
watered plants, the expression of 1-FEH w3 (1-FEH-6B) in Kauz was unchanged in 
plants that were well-watered or subjected to water-deficit.    115
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Fig. 6.1  1-FEH w1 (1-FEH 6A), 1-FEH w2 (1-FEH-6D) and 1-FEH w3 (1-FEH-6B) 
gene expression patterns in Westonia and Kauz. (solid, well-watered; open, drought; 
vertical bars represent ±SE of the mean of three replicates).  
 
6.4 Discussion 
The mRNA accumulation patterns of 1-FEH w1, w2 and especially w3 in this Chapter, in 
Kauz and Westonia, were negatively related to the pattern of high level of stem WSC 
(mainly fructan) accumulation assayed in the same period. For example, in Westonia, the 
stem WSC concentration in water-deficit plants dropped 9 days earlier compared to the 
well-watered plants. Accordingly, the accumulation level of 1-FEH w3 increased 12 days 
earlier relative to the well-watered plants. This result confirms that FEH is positively 
correlated with total fructan remobilization from wheat stems (Wardlaw and Willenbrink, 
2000; Van den Ende et al., 2003a; Yang et al., 2004b; Van Riet et al., 2006; Yang and 
Zhang, 2006; Van Riet et al., 2008).   116
The mRNA accumulation level of 1-FEH w3 in Kauz was slightly higher in water-deficit 
relative to well-watered plants. By contrast, in Westonia, the level in water-deficit plants 
was double that in well-watered plants. This indicated that the 1-FEH w3 was activated 
by water deficit in Westonia but not in Kauz. It is important to note that the levels of 1-
FEH w3 mRNA were 10-20 times those of 1-FEH w1 and w2, which indicated that 1-
FEH w3 is potentially the key gene driving fructan mobilization (Chapter 5). The 
expression level of 1-FEH w3 in Westonia was double that in Kauz, and this might 
explain the relatively low level of stem WSC in Westonia, compared to Kauz, in both 
water deficit and well-watered conditions. Consistent with this interpretation, osmotic 
potentials (Chapter 3) indicated that Westonia had a higher solute content than Kauz 
under water deficit. Even though 1-FEH w1 and w2 were slightly higher in water-deficit 
plants compared to well-watered plants for both Kauz and Westonia, the highest values 
attained were below 10 units. 
In conclusion, this study demonstrated that the mRNA level of 1-FEH w3 was 
consistently associated with the level of stem WSC and the efficiency of the apparent 
remobilization of the stem WSC in two different varieties of wheat. The expression level 
of 1-FEH w3, which has significant functions in the degradation of fructan, was 
accelerated by terminal water deficit in Westonia but not in Kauz. Apart from green leaf 
retention, instantaneous water-use efficiency (IWUE) and high stem WSC level for pre-
screening water deficit resistance in wheat, the high expression level of 1-FEH w3 might 
be another indicator of the high efficiency of the remobilization of WSC. 
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Chapter 7:  
A novel FEH like gene partially isolated in wheat: A new 
marker to track thousand grain weight QTL in breeding 
 
Abstract  
Southern hybridization (Chapter 5, Fig. 5.2) showed 5 or 6 copies of 1-FEH genes in 
Chinese Spring and other bread wheat varieties and 2 copies were located on 6A, 2-3 
copies on 6D, and one copy on 6B. The wheat genome sequences of three fructan 1-
exohydrolase (1-FEH) genes with seven exons and six introns were isolated by using the 
available 1-FEH w2 cDNA sequence (Chapter 5). The three 1-FEH genes were mapped 
to Chinese Spring chromosome 6A, 6B and 6D and 1-FEH-6A, -6B and -6D 
corresponded to published cDNA sequences 1-FEH w1,  w3 and w2, respectively 
(Chapter 5).  The probe used in the initial characterization (described in Chapter 5) 
hybridized more prominently to one class of two FEH genes, one on 6A and one on 6D. 
This class proved to have a shorter intron 1 than the other 1-FEH genes. This chapter 
investigates these two copies, naming them as FEH w4 on 6A and FEH w5 on 6D. The 
two genes were partially isolated from Chinese Spring. The existence of a present/absent 
polymorphism for FEH w4 in different wheat varieties (Cranbrook, Halberd; Lumai 14, 
Hanxuan 10) allowed the sequence to be genetically mapped to the short arm of 
chromosome 6A. The map location of FEH w4 in the population of Lumai 14 and 
Hanxuan 10 was linked to the QTL of thousand grain weight on 6A, which indicated this 
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gene might be a candidate gene for this trait. The marker defined by the primer pair 
FEH2F and FEH 592R is suggested to provide a new class of molecular marker for this 
trait. 
7.1 Introduction 
Fructans accumulate in wheat stems during stem growth and anthesis, and then declines 
strongly thus contributing to grain filling (Pollock and Cairns, 1991; Schnyder, 1993; 
Goggin and Setter, 2004; Chapter 5, see also Zhang et al., 2008). Fructan exohydrolases 
(FEHs) degrade fructans to fructose in the mobilization process of stem fructan.  1-FEH 
activities are accelerated during the fructan breakdown phase in wheat stems (Van den 
Ende et al., 2003a; Yang et al., 2004b; Kawakami et al., 2005). The two isoforms of 1-
FEH enzymes (1-FEH w1 and w2) were purified and characterized from wheat stem 
(Van den Ende et al., 2003a). The cDNA sequences of the 1-FEH w1, w2 and w3 were 
identified by Van den Ende et al. (2003a; NCBI submissions) and the gene structures and 
genome sequences were isolated as described in Chapter 5. The probe (described in 
Chapter 5) used in the initial characterization of the 1-FEH gene hybridized more 
prominently to one class of two FEH genes, one was on 6A and another was on 6D. This 
class proved to have a shorter intron 1 than the other 1-FEH genes. This chapter presents 
the detailed analysis of these two copies, named FEH w4 on 6A and FEH w5 on 6D. The 
two genes were partially isolated from Chinese Spring. The existence of a present/absent 
polymorphism for FEH w4 in different wheat varieties (Cranbrook, Halberd; Lumai 14, 
Hanxuan 10) allowed the sequence to be genetically mapped to the short arm of 
chromosome 6A. The map location of FEH w4 in the population of Lumai 14 and 
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Hanxuan 10 was linked to the QTL for the thousand grain weight on 6A, which indicated 
this gene might be a candidate gene for the thousand grain weight trait.  
7.2 Materials and methods 
7.2.1 Plant materials, growth conditions and sampling 
Wheat lines used in this study were planted in small pots in the glasshouse. The diploid 
species were Triticum urartu (AA genome), T. monococcum (AA), Aegilops speltoides 
(BB), and Ae. tauschii (DD). Durum wheat cultivars were Langdon (AABB) and Tamaroi 
(AABB). The diploid species and durum wheat cultivars were kindly provided by Prof. 
Jan Dvorak (UC Davis).  The DNA of cultivars, Ajana, Arrino, Berkut, Cadoux, 
Carnamah, Corrigin, EGA Bonnie Rock, Spear, Stiletto, Wyalkatchem, Yitpi, 
WAWHT2046, WAWHT2074, WAWHT2234, WAWHT2524, WAWHT2583, 
WAWHT2589, 6HRWSN98, 6HRWSN125, 7HRWSN108, Sunco, Tasman, Milewa, 
Blanco, Calingiti, H45, Sokoll, Tincurrin and Chinese Spring nulli-tetra and deletion 
lines, were kindly provided by Dr. Mehmet Cakir, Mrs Gabrielle Devlin and Ms Esther 
Walker. The DNA of populations of Lumai 14 and Hanxuan 10; Cranbrook and Halberd 
were kindly provided by Dr. Ruilian Jing (China) and Ms Fiona Drake-Brockman, 
respectively. 
For DNA extraction, fresh and healthy leaves were harvested from three week-old 
seedlings.  The samples were frozen in liquid nitrogen and crushed with a micro-pestle to 
a fine powder. DNA was extracted, purified and analyzed fluorometrically using standard 
procedures (Francki et al., 1997).   
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7.2.2 Database searches and sequence alignment 
The procedures have been described in Chapter 5. 
7.2.3 Genomic Southern hybridization analysis 
The procedures have been described in Chapter 5. 
7.2.4 Primer design, PCR amplification of genomic DNA and cloning 
Primers for genomic DNA amplification (Table 7.1) were designed based on the 
sequence of 1-FEH cDNA and its conserved regions with other FEHs and cell-wall 
invertase gene sequences. The rice cell-wall invertase gene most closely related to the 
gene family was AK67444. The primer locations are shown in Fig. 7.1.  
 Table 7.1 Primers used for the amplification of genomic wheat DNA sequencing. 
 
 
CAAGTAACTGAGATGGGAAG FEH 2151Ra CATTATGTGGGAGTGCCT FEH 2700F 
ACCTTCTTAGATCAGAGCAC FEH 1685R  CTAGAACTGGCCACATGGATC FEH 723F 
CAACCGTCTATGTCACTTG FEH 592R CGGATCTACAGTCTCCAGA FEH 2Fa
Reverse primer
5’----3’
Name of 
primer
Forward primer
5’----3’
Name of 
primer
CAAGTAACTGAGATGGGAAG FEH 2151Ra CATTATGTGGGAGTGCCT FEH 2700F 
ACCTTCTTAGATCAGAGCAC FEH 1685R  CTAGAACTGGCCACATGGATC FEH 723F 
CAACCGTCTATGTCACTTG FEH 592R CGGATCTACAGTCTCCAGA FEH 2Fa
Reverse primer
5’----3’
Name of 
primer
Forward primer
5’----3’
Name of 
primer
a FEH2F and FEH2151R are 5’upstream of the initiating methionine and downstream of 
the transcription stop site, respectively. 
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Rice invertase cDNA: AK067444
Wheat 1-FEH w2 cDNA: AJ508387 –
rice invertase: AK067444 conserved region
AK067444 gene structure
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Fig. 7.1 Primer locations (indicated by arrows, see also Table 7.1) for genome-level 
sequencing. Note: most primers are located in rice wheat conserved region except that 
two were in 5’upstream and 3’downstream region of 1-FEH w2 gene. The untranslated 
regions are indicated in white. 
 
7.3 Results 
7.3.1 1-FEH gene copy number and chromosome location  
Based on the analysis in Fig. 7.1, primer pairs of FEH2F and FEH592R located in 
conserved exons amplified two PCR fragments (2.3 kb and 1.1 kb) from Chinese Spring 
and those fragments included exon 1 and flanking intron 1 (Fig. 7.2) of 1-FEH gene. The 
PCR products of primer pair FEH2F and FEH592R defined the fragment of 1.1 kb with a 
shorter intron 1 to 6A. A 366 bp probe was amplified using a primer pair designed to the 
sequence of the 1.1 kb fragment. The sequence of this probe showed 74% similarity to 
the equivalent region of the 2.3 kb fragment (Fig. 7.2 insert Figure). This probe was used 
to assay the 1-FEH gene family in Southern hybridizations (Fig. 7.2 and Chapter 5 Fig. 
5.2) to determine both the 1-FEH gene copy number and chromosome locations in 
Chinese Spring, Cranbrook, Halberd, Sunstate, and Westonia. Five or six copies of the 1-
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FEH genes were identified in the bread wheat varieties using 4 restriction endonucleases 
(Fig. 7.2; Hind III digestion shown in Chapter 5 Fig. 5.2).  Furthermore, using the nulli-
tetra stocks of Chinese Spring, these genes were mapped to the group 6 chromosomes 
(6A, 6B and 6D; Chapter 5 Fig. 5.2). The probe hybridized more prominently to one class 
with two FEH genes. The analysis of the nullitetra lines assigned this sequence to 
chromosome 6A and 6D. The gene copy of this class on 6A proved to have a shorter 
intron 1 than the other 1-FEH genes. The FEH2F-FEH592R PCR product which included 
this intron 1 (Fig. 7.1) is shown in Fig. 7.2.  This class of FEH gene has been named 
FEH-w4 (6A) and FEH-w5 (6D). 
7.3.2 FEH w4 gene polymorphisms among bread wheat varieties  
The polymorphisms were not only observed by RFLP as described above but also in 
present/absent polymorphisms among bread wheat varieties using primer pair FEH2F and 
FEH592R. In Fig. 7.2, the polymorphisms were clearly identified in the class with a 
shorter intron 1 between Cranbrook and Halberd. The analysis of the nulli-tetra lines 
assigned this polymorphism on 6A using the restriction endonuclease Hind III to digest 
genomic DNA (Chapter 5 Fig. 5.2). In the case of the PCR-based polymorphism, there 
was no amplification of the 1.1 fragment. The primer pair of FEH2F and FEH592R was 
utilized as a present/absent marker to detect the polymorphisms of FEH w4. Similar to 
the results using the RFLP (Fig. 7.2), the absent/present polymorphisms were found 
between Cranbrook and Halberd (Fig. 7.3). The primer pair FEH2F and FEH592R, as the 
FEH w4 gene marker, were used to detect other bread wheat varieties and showed 
polymorphisms (Fig. 7.3). Importantly, the polymorphisms were found in parental lines 
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of several populations, for example, Cranbrook × Halberd; Sunco × Tasman; Lumai 14 × 
Hanxuan 10, 6HRWSN98 × 2074; 6HRWSN125 × 2074; 7HRWSN108 × 2234, which 
made primer pair FEH2F and FEH592R a useful marker to map FEH w4 in these 
populations.  
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 Fig. 7.2 Restriction fragment length polymorphism for nulli-tetra stocks of Chinese 
Spring, Chinese Spring (CS), Cranbrook (C), Halberd (H), Sunstate (S) and Westonia 
(W) digested by EcoRI; EcoRV; Hind III; NcoI; XbaI. Source of probe for RFLP analysis 
was the 1.1 kb band in the data shown in insert figure. The wheat missing chromosome 
6A (N6AT6B) was also missing the 1.1 kb band, indicating a chromosome 6A location.  
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Fig. 7.3 The polymorphisms of bread wheat varieties using primer pair FEH 2F and FEH 
592R. The size of two fragments is indicated. CK, negative control. 
 
7.3.3 FEH w4 location on the map of two populations 
In the population of Cranbrook × Halberd, the marker of FEH2F and FEH592R was 
mapped to the short arm of 6A. It was 4.7 cM to the SSR marker P35/M48-3 and 9 cM to 
P31/M50-2 (Fig. 7.4). This region corresponded to the region of 6AS1 to which the 
marker located using deletion bin lines (Fig. 7.4 gel picture). The 1.1 kb fragment of 
primer pair FEH2F and FEH592R was absent on 6AS-1 while it was present on 6AL-8.  
In the population of Hanxuan 10 and Lumai 14, this marker was mapped to the short arm 
of the region of 6AS, which was to the SSR marker Xgwm334, Xgdm36 and WMC297 
(Fig. 7.5). Coincidently, the QTL of thousand grain weight and grain filling efficiency at 
earlier and maturity stage were mapped to this region. 
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Fig. 7.4 FEH w4 location in the deletion bin of Chinese Spring and the population map of 
Cranbrook × Halberd. The Cranbrook and Halberd composite maps were from the CMap 
site in the Centre of Comparative Genomics, Murdoch University (ccg.murdoch.edu.au). 
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Fig. 7.5 The FEH w4 location in the population of Lumai 14 and Hanxuan 10. TGWG, 
thousand grain weight at grain filling stage; GFEE, grain filling efficiency at early stage; 
GREL, grain filling efficiency at late grain filling stage; TGWM, thousand grain weight 
at maturity stage (Yang et al., 2007). The map of Lumai 14 and Hanxuan 10 is from 
CMap site in the Centre of Comparative Genomics, Murdoch University 
(ccg.murdoch.edu.au). The map in right side was generated by map manager version 
QTXB 20. 
 
7.3.4 FEH w4 gene structure from the AA genome and 6A of Chinese Spring 
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The DNA from the diploid A genome donor of hexaploid wheat, T. urartu, was used to 
carry out the initial characterization of the genomic structure.  Two fragments were 
amplified by primer pairs FEH2F and FEH592R (Table 7.1; Fig. 7.1 and Chapter 5 Fig. 
5.3b) and the 1.1 kb band was cloned to determine the sequence. Two large fragments 
were amplified by primer pairs FEH2F and FEH1685R ( Table 7.1 and Fig. 7.1). The 
small size band was cloned and sequenced. From independent sequence reactions, only 
one sequence for intron 1 was identified suggesting that only a single gene FEH-w4-AA 
was present in T. urartu (Fig. 7.6).  
The length of FEH w4-AA partial sequence is 2487 bp. The translated sequence using 
gene scan software in BioManager was compared to the exons from the genomic 
sequence with the published 1-FEH w2 cDNA (AJ508387) and showed that FEH w4-AA 
sequence included 5 exons and 4 introns (Fig. 7.6). The coding region started at the 7 bp 
and ended at the 2452 bp. The sizes of exons 1-5 were 77, 9, 878, 159 and 91 bp, 
respectively. The sizes of introns 1-4 were 585, 195, 111 and 216 bp, respectively. The 
translated cDNA sequence of FEH w4-AA was 80% identical to 1-FEH w1 (AJ516025) 
and 81% similarity to 1-FEH w2 and 1-FEH w3 (AJ564996). 
In order to identify the FEH-w4 gene structure on chromosome 6A of Chinese Spring, the 
sequence was amplified by primer pairs FEH2F and FEH592R; FEH2F and FEH1685R 
(Fig. 7.6). There was an identical region of FEH2F and FEH592R, therefore, the partial 
sequence of FEH w4 was obtained.  
The genome sequence of FEH w4-6A had high similarity (84.5%) to 1-FEH-AA. The 
intron regions of FEH w4-6A to FEH w4-AA showed 1 bp and 2 bp deletions in intron 2 
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and 4, respectively. The translated amino acid sequence of FEH w4-6A was 98% 
identical to FEH w4-AA with only 7 amino acid differences in this region. The derived 
cDNA sequence was 80% identical to 1-FEH w1,  1-FEH w2 and 1-FEH w3. The 
translated amino acid sequence of FEH-w4 was 75% identical to1-FEH w1, 1-FEH w2 
and 1-FEH w3 (AJ564996). According to the definition of 1-FEH gene (Le Roy et al., 
2007), FEHw4 and FEHw4-AA most likely belong to the family of FEHs due to lack of 
Asp- D239/K242 interaction homolog. 
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Fig. 7.6  FEH-w4  and w5 isolated from bread wheat chromosomes AA, 6A and 6D. 
Arrows indicate the location of primers using for sequencing.  
 
7.3.5 FEH w5 gene structure on 6D of Chinese Spring 
The sequence primer pairs FEH723F and FEH2151R were used to amplify the gene on 
chromosome 6D of Chinese Spring. A single fragment was obtained after optimizing 
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PCR and the deduced gene structure (Fig. 7.6) was very similar to FEH w4-6A except 
that there were 5 bp deletions in intron 2, 2 bp deletion and 2 bp insertions in intron 3 and 
5 bp insertions in intron 4. 
The FEH w5-6D genome sequence had 92% similarity with FEH w4-6A. The translated 
amino acid sequence of FEH w5-6D exons was 92% identical to FEH w4-6A, 78% 
identical to 1-FEH w2 (6D) and 76% identical to 1-FEH w1 and 1-FEH w3. 
The FEH w5 was mapped to deletion bin lines using primer pair FEH 723F and FEH 
2151R. As shown in Fig. 7.7, 6DS2 and 6DS4 deletion lines on the short arm of 6D did 
not give the 2.5 kb band which was present in the 6DS6 and 6DL6 deletion lines. 
Therefore, the FEH-w5 was mapped to the distal end of chromosome 6D. 
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Fig. 7.7  FEH-w5 was mapped on Chinese Spring deletion bins 6DS4. The absent 
fragment is indicated by the white dot. The fragment below 2.5 kb is an unspecific 
amplification. 
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7.4 Discussion 
7.4.1 Identifying FEH gene structure using comparative genomics 
The conservation of the intron/exon structure of genes between wheat and rice provided 
an opportunity to determine the FEH gene structure in wheat. The most similar gene in 
rice to the 1-FEH w2 gene cDNA sequence (Van den Ende et al., 2003a) provided the 
proposed gene structure and conserved regions. The conserved regions of the genes are 
valuable in designing primers and identifying candidate genes (reviewed in Appels et al., 
2003). Recent studies have used rice genome sequence and other extensive genomic 
databases to align cereal genomes based on sequence and amino acid similarity assuming 
that significant homology identified respective gene orthologs (for example, Francki et 
al., 2004; La Rota and Sorrels, 2004; Li et al., 2004; Paterson et al., 2004). FEH w4 and 
FEH w5 are homologous genes according to the similarity of conserved cDNA sequence, 
moreover, they were mapped on chromosomes 6A and 6D conserved regions, 
respectively.  
7.4.2 FEH enzyme sequence comparison  
The cDNA derived amino acid sequences of FEH w4 (6AS) was 92% identical to FEH 
w5 (6DS) and 80-81% identical to the 1-FEH w1,  w2 and w3  sequences, while the 
similarity of the cDNA derived amino acid sequences of 1-FEH w1, w2 and w3 are 98-
99% (Fig. 7.8).  
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1-FEH w5 WSAI
1-FEH w4 ----
1-FEH w3 WSAI
1-FEH w2 WSAI
1-FEH w1  WSAI
1-FEH w5 AVESFGGGGRVCITSRVYPAVLADVGRAHMYAFNNGSATVRVPQLSAWTMRKAQVNVEKG
1-FEH w4 ------------------------------------------------------------
1-FEH w3 AVESFGGGGRVCITSRVYPAVLADVGSAHIYAFNNGGATVRVPQLSAWTMRKAQVNVEKG
1-FEH w2 AVESFGGGGRVCITSRVYPAVLADVGRAHIYAFNNGSATVRVPQLSAWTMRKAQVNVEKG
1-FEH w1  AVESFGGGGRVCITSRVYPAVLADVGRAHIYAFNNGSATVRVPQLSAWTMRKAQVNVEKG
541       551       561       571       581       591       
1-FEH w5 HTVVHFRVYKSQQKYMIFMCSDLRRSSIRPSRYTPAYGGFFELDLAKERKISLRTLIDRS
1-FEH w4  ------------------------------------------------------------
1-FEH w3 HTEVYFRVYKSQEKYMVLMCSDLRRSSLRPDLEKPAYGGFFEFDLEKERKISLRTLIDRS
1-FEH w2 HTEVYFRVYKSQEKYMVLMCSDLRRSSLRPDLEKPAYGGFFEFDLEKERKISLRTLIDRS
1-FEH w1 HTEVYFRVYKSQEKYMVLMCSDLRRSSLRPDLEKPAYGGFFEFDLEKERKISLRTLIDRS
481       491       501       511       521       531       
1-FEH w5 DTFQADVEIYFELTSINAAEPFNPSWLLDPEKHCCEAGASVHGGIGPFGLVILASNNMDE
1-FEH w4  DNFQADVEIDFELTSIDDADPFDPSWLLDTEKHCCEAX----------------------
1-FEH w3 DAFQADVEIGFELASIDDADPFDPSWLLDPEKHCGEAGASVPGGIGPFGLVILASDNMDE
1-FEH w2 DAFQADVEIDFELASIDDADPFDPSWLLDPEKHCGEAGASVPGGIGPFGLVILASDNMDE
1-FEH w1 DAFQADVEIGFELASIDDADPFDPSWLLDPEKHCGEAGASVPGGIGPFGLVILASDNMDE
421       431       441       451       461       471       
1-FEH w5 DDVAKGWAGIHTIPRTIWLDSNGKQLLQWPVDEIESLRTNEINHQGLELNKGDMFEINGV
1-FEH w4 DDVAKGWAGIHTVPRTIWLDSDGKQLLQWPVDEIESLRTNEINHQGLELNKGDLFEINGV
1-FEH w3  DDLAKGWAGLHTIPRTIWLAGDGKQLLQWPVEEIESLRTNEINHQGLELNKGDLFEIKEV
1-FEH w2 DDLEKGWAGLHTIPRTIWLAGDGKQLLQWPVEEIESLRTNEISHQGIELNKGDLFEIKEV
1-FEH w1 DDLEKGWAGLHTIPRTIWLADNGKQLLQWPVEEIESLRTNEISHQGIELNKGDLFEIKEV
361       371       381       391       401       411       
1-FEH w5 YLIGVYDLKRDAFVPDTIVDDCRLWLKIDYGNFYASKSFFDSEKGRRIIWGWSKEADCRS
1-FEH w4 YLIGVYDLKRDAFVPDAIVDDCRLWLKIDYGNFYASKSFFDSKKGRRIIWGWSKEADCRS
1-FEH w3  YMIGVYDLHRDAFVPDNVVDDRRLWLRIDYGTFYASKSFFPSNKNRRIIWGWSRETDSPS
1-FEH w2  YMIGVYDLQRDAFVPDNVVDDRRLWLRIDYGTFYASKSFFDSNKNRRIIWGWSRETDSPS
1-FEH w1  YMIGVYDLQRDAFVPDNVVDDRRLWLRIDYGTFYASKSFFDSNKNRRIIWGWSRETDSPS
301       311       321       331       341       351       
1-FEH w5 TRVDHPLYSQNLSNIVECNMWECLDFFAVLPGNNTGLDMSAAILRGTKHALKMSVGYFDK
1-FEH w4 TIVGHPLYSQNSSNMWECIMWECLDFFAVLPSNNSGLDMSVAIPRGAKHALKMSMGYFDK
1-FEH w3  TKVDHPLYSHNGSN-----MWECPDFFAVLPGNNAGLDLSAAIPQGAKHALKMSVDSVDK
1-FEH w2 TKVDHPLYSHNGSN-----MWECPDFFAVLPGNNAGLDLSAAIPQGAKHALKMSVDSVDK
1-FEH w1 TKVDHPLYSHNGSN-----MWECPDFFAVLPGNNAGLDLSAAIPQGAKHALKMSVDSVDK
241       251       261       271       281       291       
1-FEH w5 TKTGNNPVIQPVVPGLNRSQFRDPTTGWIGPDGLWRIAVGAELKSYTAALLYKSEDFLSW
1-FEH w4 TKTGNNPVIQPVVPGLNRSQFRDPTTGWIGPDGLWRIAVGAELKGYTAALLYKSEDFLSW
1-FEH w3   IKADNNPVLRPDEPGMNSIEFRDPTTGWIGPDGLWRMAVGGELNGYSAALLYKSEDFLNW
1-FEH w2 IKAPNNPVLRPDEPGMNSIEFRDPTTGWIGPDGLWRMAVGGELNGYSAALLYKSEDFLNW
1-FEH w1 IKAANNPVLRPDEPGMNSIEFRDPTTGWIGPDGLWRMAVGGELNGYSAALLYKSEDFLNW
181       191       201       211       221       231       
1-FEH w5 LEPVIEPDNPSDIDGCWTGSATILSGGQPVILYTGGSRDKCQVQNLVHPKNPSDPCLREW
1-FEH w4 LEPVIEPDNPSDIDGCWTGSATILSGGQPVTLYTGGSRDKCQVQNLVLPKNPYDPYLREW
1-FEH w3 LEPALVRDTPSDIDGCWTGSVTILPGGKPIIIYTGGDIDQNQAQNIAFPKNRSDPYLREW
1-FEH w2 LEPALVRDTPSDIDGCWTGSVTILPGGKPIIIYTGGDIDQHQAQNIAFPKNRSDPYLREW
1-FEH w1  LEPALVRDTPSDIDGCWTGSVTILPGGKPVIIYTGGDKDQHQAQNIAFPKNRSDPYLREW
121       131       141       151       161       171       
1-FEH w5  ---------------DPCGLMYYLAIYHNFYQYNPHCALWCWGDITWGHSVSTDLVNWIQ
1-FEH w4 YKTAYHFRPPRNWINDPCGLMYYLAIYHNFYQYNPHCALWCWGDITWGHSVSTDLVNWIE
1-FEH w3 YKTAFHFQPAKNWMNDPSGPMYFNGIYHEFYQYN--LNGPIFGDIVWGHSVSTDLANWIG
1-FEH w2 YKTAFHFQPAKNWMNDPSGPMYFNGIYHEFYQYN--LNGPIFGDIVWGHSVSTDLVNWIG
1-FEH w1 YKTAFHFQPAKNWMNDPSGPMYFNGFYHEFYQYN--LNGPIFGDIVWGHSVSTDLVNWIG
61        71        81        91        101       111       
1-FEH w5 ------------------------------------------------------------
1-FEH w4 ---------------------------------------- XVSRCPQSPEVPSIFS-TR
1-FEH w3 MAQAWAFLLPVLVLGSYVTSLFLPTYITGPLCGGDGGGRSLFLCAQAPKDQDPSPAS-TM
1-FEH w2 MAQAWAFLLPVLVLGSYVTSLFFPSYISNPLCGGDGG-RSLFLCAQAPKDQDPSPAVSTM
1-FEH w1 MAQAWAFLLPVLVFGSYVTSLFFPSYISGPLCGGDGGGRSLFLCAQAPKDQDPSPAVSTM
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Fig. 7.8 Alignment of the deduced amino acid sequences of wheat FEH genes. 1-FEH w1 
(6A): AJ516025; 1-FEH w2 (6B): AJ508387; 1-FEH w3 (6D): AJ564996. FEH w4: FEH 
gene isolated from 6A; FEH w5: FEH gene isolated from 6D genome. No identical 
residues are underlined. Asterisks (*) indicate potential glycosylation sites. The β–
fructosidase motif (NDPSG), the FRDP region and WECPD region are in black squares. 
The five amino acids in blue square show the typical cell-wall invertase different from 
vacuolar invertase (Ji et al., 2005). The red square shows the lack of Asp-239 (D) and 
Lys-242 (K) interaction homolog (D- -K) (Le Roy et al., 2007; see Chapter 2, page 19 ). 
The three carboxylic acids are in bold. 
 
Phylogenetic analysis reveals very distinct groupings within two main divisions on the 
phylogenetic tree of FEHs, including a close relationship between monocotyledon FEHs 
and cell wall invertases, and a group of fructosyltransferases (FTs) and vacuolar 
invertases (Chalmers et al., 2005). Our results also suggest that divergence might have 
occured before durum and bread wheat formation because 1-FEH-w1 (AA), 1-FEH- w2 
(DD) and FEH-w4 (AA) are almost identical to 1-FEH-w1 (6A), 1-FEH-w2 (6D) and 
FEH w4 (6A).  
The FEH genes isolated from this experiment are more similar to cell wall invertases (46-
54% identical amino acids) than to vacuolar invertases (39-45% indentity) and fructan 
biosynthetic enzymes (34-41% identity) (Van den Ende et al., 2003a). They also contain 
the conserved WECPD motif (as shown in Fig. 7.8) and other five amino acids (in blue 
square), which is typical for cell wall-like invertases (Tymowska-Lalanne and Kreis, 
1998; Ji et al., 2005). By comparison to rice invertase genes, the 1-FEH genes are more 
closely related to rice cell wall invertase AK67444. Not only the gene structure (seven 
exons and six introns) are similar, but also the cDNA identity between 1-FEH-6D and 
AK67444 is very high (76.2%). 
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Fructan 1-exohydrolase w3 precursor
[Triticum aestivum]
Fructan 1-exohydrolase w3 
precursor [Triticum aestivum] 
1-FEH -6B
Beta-fructofuranosidase; 
fructosidase [Triticum aestivum]
Fructan 1-exohydrolase w1 precursor 
[Triticum aestivum] 1-FEH -6A
Fructan 1-exohydrolase w2 
[Triticum aestivum] 1-FEH-6D
Fructan 1-exohydrolase [T. urartu]
1-FEH-AA
Fructan 1-exohydrolase
[Ae. Tauschii] 1-FEH-DD
Fructan 1-exohydrolase
[Ae. Speltoides] 1-FEH-BB
(AAC96066)
(CAD56806)
(CAD48199)
(CAD92365)
(CAE53426)
(BAE44509)
(BAD99105)
(BAD99104)
(NP_001405504 or AK067444)
(AAU14219)
(AAZ29514)
(EAY77362)
(EAY14957)
(BAD05180)
1-FEH-w4 (6AS)
1-FEH-w5 (6DS)
 
Fig. 7.9 Unrooted phylogenetic tree containing cell wall-type invertase-like cDNA-
derived amino acid sequences. Accession numbers are in brackets. The FEH w4 and w5 
are in red and the 1-FEH w1-6A, AA; 1-FEH w2-6D, DD; 1-FEH w3-6B isolated in 
Chapter 5 are indicated in bold. 
 
Recently, 6&1-FEH w1 was cloned from the same library of 1-FEH w1 and w2 cDNAs 
(Kawakami et al., 2005). The tree bootstrap percentage [e-value is zero except putative 
fructan 1-exohydrolase precursor (AAU14219) which e-value was 3e-155] shows the 
homology of the cell wall invertase genes. The genes isolated from this experiment 
cluster together in the same clade with cell wall invertases from wheat, barley, lolium and 
rice.  
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7.4.3 Function and regulation of FEHs in fructan containing plants 
The proposed functions of 1-FEHs in fructan-containing plants include the break-down of 
endogenous fructan reserves when mobilization is required and energy is needed (Van 
den Ende et al., 2001, 2003a and 2004); to degrade fructan to low degree of 
polymerization (DP) and increase the osmotic pressure (e.g. Campanula flower opening; 
Vergauwen et al., 2000; Van Laere and Van den Ende, 2002); and to prevent the 
formation of higher β-(2,1) type fructans during the period of fructan biosynthesis in 
wheat (Van den Ende et al., 2003a). FEH w4 was mapped to the population of Hanxuan 
10 and Lumai 14, which was used to map the QTL of stem WSC and other traits in Yang 
et al. (2007). FEH w4 was linked to the QTL of the thousand grain weight, grain filling 
efficiency at early and mature stages of grain fill on 6AS. This indicated that FEH w4 
might be the candidate gene of these traits and the primer pair is able to be a PCR marker 
for this QTL. 
In summary, the genome sequences of two FEH genes of the prominent hybridized class, 
named as FEH w4 and w5, were partially isolated from Chinese Spring. These two gene 
amino acid sequences were highly identical (92%) to each other and were around 80% 
identical to the FEH class of 1-FEH w1, w2 and w3. Interestingly, FEH w4 and w5 were 
mapped to the same region of 1-FEH w1 (6A) and w2 (6D), which indicated that the gene 
class of FEH might cluster together. The location of FEH w4 in the population of 
Hanxuan 10 × Lumai 14 was linked to the QTL of thousand grain weight and grain filling 
efficiency (Yang et al., 2007). The possibility is that FEH w4 may be a candidate gene 
for the QTL needs further investigation.    135
Chapter 8:  
General Discussion 
At the outlet of this thesis, the working hypothesis, based on the available literature, 
was: the high level of stem WSC in wheat is positively related to the high yield under 
water deficit. As a result of the work in this thesis, this hypothesis was modified as 
described below. 
8.1 A modified hypothesis relating stem carbohydrate to water deficit tolerance 
The research in this thesis provides the basis for refining the concept of how stem 
carbohydrate relates to grain yield when water-deficit is applied during reproductive 
growth or grain filling. A more refined hypothesis relative WSC to grain yield is as 
follows. 
The deposition and remobilization of WSC during the time of water deficit are key 
variables in determining grain yield and allow several genetically controlled events to 
be targeted in wheat breeding for terminal drought tolerance (Fig. 8.1). Delaying 
senescence and thus prolonging photosynthesis provides an additional source of stem 
reserves for grain filling under terminal water deficit.  
Efficiency of 
photosynthesis and 
transport of stored 
reserves to stem
Continued transport of 
WSC and deposition 
into the stem peduncle 
as water deficit occurs
 
Efficient mobilization 
of stem carbohydrate 
and transport to grain
Fig. 8.1 The genetically controlled events related to the deposition and remobilization of 
WSC. 
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The central importance of 1-FEH w3 in both the continued deposition of WSC into 
the stem peduncle and the subsequent mobilization of the WSC is a significant output 
from this thesis. Additional genetic factors are also potentially important and these 
include membrane transport controlling the transport of WSC into the stem peduncle 
and the transport of mobilized WSC into the grain. 
When assessing the contribution of reserves to grain filling, not only the level of WSC 
needs to be assessed, but also the efficiency of remobilization and translocation for 
grain filling, which differ based on the genotype and the activities of the enzymes 
involved. This thesis found 1-FEH w3 to be the main 1-FEH gene expressed in the 
stem and expression levels showed genetic variation between Westonia and Kauz. 
This suggests that the activities of 1-FEH w3 would be related to the variation of the 
remobilization efficiency of stem WSC.  
8.2 Terminal water deficit and the remobilization of stem reserves 
The energy source generated from photosynthesis is shared between kernel growth 
and the maintenance respiration of the remainder of the living plant biomass (Fig. 
8.2). As photosynthesis declines during the course of natural senescence, the plant 
uses reserves (for example, stem WSC) to support cell maintenance and to fill the 
grain. 
When wheat plants encounter water deficit (soil dehydration) at the grain filling stage 
(Fig. 8.2), stomata close and relatively little transpiration occurs (Chapter 3, Fig. 3.3) 
during the dehydration and senescent phase. Water deficit decreases the chlorophyll 
content and only small parts of green leaves were left at the end of the experiments 
(Chapter 3, Fig. 3.2; Chapter 4, Fig. 4.3). The main source for grain filling was cut off 
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due to the reduced photosynthesis (Chapter 3, Fig. 3.3). The translocation of reserve 
carbohydrate is, however, unaffected until later in the stress period (Taiz and Zeiger, 
2002). This relative insensitivity of translocation to water deficit allows plants to 
mobilize reserves at the grain filling stage, even when stress is severe. The ability to 
continue the translocation of assimilates becomes a key factor in wheat resistance to 
drought (Taiz and Zeiger, 2002).  
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Well-watered    Water-deficit
¾Green leaf photosynthesis
¾Transpiration normally
¾Grain filling normally
¾Small part of green leaf remains
¾Little or no photosynthesis
¾Stomatal closure and little transpiration
¾Osmotic adjustment due to concentrated solutes
¾Earlier senescence 
¾Reserve transport occurring
¾Limited grain filling 
¾Stem reserves (WSC) becomes
the important carbon source for grain filling 
and the energy source of turgor maintenance
¾WSC degradation by 1-FEH or 6-FEH
 
Fig. 8.2 The relationship between the plant phenotype and events occurring internal to 
the plant. Wheat plant responses to terminal water deficit are indicated (WSC: water 
soluble carbohydrate; FEH: fructan exohydralase; pa: post anthesis).  
 
Cereal stems store more non-structural carbohydrate or water soluble carbohydrate 
(WSC) than leaves and roots. These carbohydrates are available for translocation to 
grain. The utilization of stem WSC depends on the level of storage and the rate of 
remobilization (Ehdaie et al., 2006b).  
The level of stem WSC accumulated during the later stages of plant maturation relies 
on favourable environmental conditions and genotype. The intensity of light is 
expected to make a large difference to the final level of stem WSC accumulation. For 
example, the different intensity of light in Experiments 1, 2 (Chapter 3) and field 
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experiment (Chapter 4) caused about 10-20% difference in stem WSC in all three 
varieties (Janz, Kauz and Westonia). The level of stem WSC can differ across 
genotypes, for example, Westonia has a higher level of stem WSC compared to Bt-
Schomburgh in well-watered plants in glasshouse (Chapter 3). The levels of stem 
WSC might be also associated with the length and weight of the stem. In this study, 
plant height was similar for four varieties (Janz, Kauz, Westonia and Bt-Schomburgh) 
in both glasshouse and field experiments, but Kauz had significantly higher stem dry 
weight than Janz and Westonia (Chapter 3, Table 3.3).  
The stem WSC remobilization rate depends on the grain number per ear, the physical 
location on the stem and the enzymatic conversion of storage to transportable 
constituents. Grain number per ear is a primary factor in determining stem reserve 
mobilization. When grain number per ear was reduced, more reserves were stored in 
the stem as compared with intact ears (Kühbauch and Thome, 1989). The availability 
of storage at grain filling does not necessarily ensure mobilization. 
The physical locations (for example, peduncle, penultimate and lower internodes) of 
the stem WSC could effect carbon remobilization, especially under drought 
conditions. Ehdaie et al. (2006b) claimed that drought did not significantly reduce the 
concentration of WSC in the peduncle, but reduced it by 13 and 21% in the 
penultimate and lower internodes, respectively. On average, in their study, drought 
increased mobilization efficiency in the peduncle by 33%, in the penultimate 
internode by 17% and in the lower internodes by 11%. The amount of WSC 
mobilized from the peduncle was, on average, similar under both water deficit and 
well-watered treatments, and more WSC (Ehdaie et al., 2006b) and dry matter 
(Ehdaie et al., 2006a) were mobilized from the penultimate and the lower internodes 
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under well-watered than drought conditions. Reserve remobilization is less effected 
by drought in wheat varieties with a high proportion of peduncle. This indicates that 
carbon remobilization in Westonia and Janz (Chapter 3 and 4) would be larger than in 
Kauz due to the lower peduncle proportion in the latter cultivar under water deficit 
conditions. 
Apart from the physical location of WSC in plants, the remobilization efficiency of 
the stem WSC is also dependant on the activity of enzymes which convert the storage 
form of stem WSC to transportable constituents (Blum, 2007b). The main storage 
form of WSC in the stem and leaf sheaths is fructan (Blacklow et al., 1984; Kühbauch 
and Thome, 1989; Gebbing et al., 1998). Changes in stem WSC concentration have 
been found to be mainly due to changes in fructan concentration (Kühbauch and 
Thome, 1989). Fructans in the stem are mainly degraded by 1-FEH and 6-FEH 
(Chapter 2, Fig. 2.5) (Wiemken et al., 1995). The 1-FEHs were analysed because they 
may be  located in vacuoles where fructan and sucrose occur at high concentrations 
during grain filling, and are inhibited by sucrose indicating they are important 
enzymes involved in the mobilization of stem reserves (Van den Ende et al., 2003a).  
1-FEHs are important not only due to the high activities during the period of fructan 
breakdown but also as putative β-(2,1)-trimmers during the period of active fructan 
biosynthesis (Van den Ende et al., 2003a). Chapter 5 demonstrated that 1-FEH w3 
expression was related to the level of stem WSC in Westonia. In addition, the map 
location of 1-FEH w3 was in the region of the QTL for thousand grain weight, grain 
filling efficiency at early and late stage, and stem WSC at maturity identified by Yang 
et al. (2007). This is consistent with the possibility that it is the major gene 
contributing to FEH activity to facilitate fructan degradation and later grain filling 
(Chapter 5; Zhang et al., 2008). Chapter 6 confirmed the significant high expression 
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level of 1-FEH w3 and showed variation in gene expression of 1-FEH w3 in water-
deficit compared to well-watered plants. In both Westonia and Kauz, 1-FEH w3 
expression corresponded to the level of the stem WSC in water-deficit and well-
watered condition. The gene transcript accumulation level of 1-FEH w3 in the stem of 
Westonia was twice that in Kauz. This corresponded to the maximum level of stem 
WSC in Westonia being half of that in Kauz. The most striking observation was that 
the gene expression of 1-FEH w3 was activated by water deficit in Westonia but not 
in Kauz. This result indicates that 1-FEH w3 might be one of the most important 
genes in the degradation of fructan. This is also a possible reason for the observation 
that the level of stem WSC is not a good indicator of water deficit tolerance since 
WSC degradation is a significant variable governing the level of stem WSC at anyone 
time (Chapter 6, Fig. 6.1; Evans and Wardlaw, 1996; Ehdaie et al., 2006b; Ruuska et 
al., 2006). 
The osmotic potential of Westonia was lower than that of Janz and Kauz at the same 
level of chlorophyll content, which indicated that the solute concentration of Westonia 
was higher relative to Kauz (Chapter 3, Fig. 3.4 and Table 3.2). The higher solute 
concentration was associated with the activated level of 1-FEH w3 in Westonia and 
implies the enzyme responsible for degrading fructans generates small carbohydrate 
molecules that contribute to leaf osmotic potential (Yang et al., 2004b; Xue et al., 
2008).   
8.3 The correlation between the genome location of FEH genes and the QTL 
As the RFLP results showed, there are 6 copies of FEH in haxploid wheat. In Chapter 
5, three of these copies were isolated and mapped to three genomes (6A, 6B and 6D). 
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There are other copies, one is on the 6A genome and one or two are on the 6D 
genome. The partial sequences of these two copies were isolated in Chapter 7. The 
copy on 6A was named FEH w4. This gene was mapped into two populations of 
Cranbrook  × Halberd and Hanxuan 16 × Lumai 10. The location on the population 
map of Hanxuan 16  × Lumain 10 was linked to the QTL of thousand grain weight 
(Yang et al., 2007). This suggests that the FEH w4 might be one of the candidate 
genes of thousand grain weight. It was interesting that Huynh et al. (2008) mapped the 
QTL (17% effect) of fructan in grain to the location of 6D. This result indicated that 
the FEH gene on 6D, for example, 1-FEH w2 or FEH w5 might be over expressed in 
grain. This needs further investigation. 
8.4 Grain yield selection  
For crops, such as wheat, grain yield is the main selection trait for drought tolerant 
genotypes. There are different definitions of drought tolerance. Based on plant 
breeding objectives to integrate physiological research, drought tolerance has been 
defined as the genotypes with higher grain yield compared to other genotypes   
exposed to the same level of water deficit (Fukai and Cooper, 1995). Drought 
tolerance has also been defined as the ratio of yield under the stress of drought 
relative to that under without drought (Li et al., 2005). More interestingly, Blum 
(2007a) provided a figure which expressed the drought tolerance using different 
varieties named by A, B and C (Fig. 8.3). At high moisture level, wheat cultivar C has 
a lower yield potential but has higher grain yield whilst the drought stress was < 300 
mm by comparison with cultivar A and B. Wheat C becomes drought tolerant at the 
severe drought stress level (<300 mm). When the level of drought stress is moderate 
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(between 400 to 500 mm), cultivar A and B have higher yield and become drought 
tolerant at this drought stress level.  
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Fig. 8.3 The association between grain yield and total seasonal precipitation for three 
wheat cultivars (Blum, 2007a).  ê,  ■  and  ã  present cultivar A, B and C, 
respectively.   
 
According to the absolute yield, in well-watered conditions, Kauz and Westonia are 
high yielding varieties compared to Janz and Bt-Schomburgh. Under water-deficit 
conditions, the grain yield of Westonia was slightly higher compared with others. 
Therefore, none of these four varieties could be selected as drought tolerant according 
to the concept of Fukai and Cooper (1995). According to the ratio of grain yield, Kauz 
was sensitive to drought stress due to the significant loss in thousand grain weight. In 
contrast, Westonia and Janz were drought resistant (Chapter 3) because of the high 
ratio of grain yield. In the field, the late flowering variety, Janz, was a drought 
sensitive variety due to the significant reduction in thousand grain weight caused by 
severe drought. Overall, Westonia was an outstanding performer among those 
varieties in four experiments over two years.  
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In the field experiment, the ratio of seed weight was mainly influenced by the stress 
among the three varieties. In the glasshouse, the ratio of seed number and 1000 seed 
weight was affected by the intermittent drought. This influence was also dependent on 
genotypes. For example, the seed number of Kauz was significantly higher than that 
of Janz and Westonia in well-watered plants. When it encountered water deficit, the 
seed number of Kauz was significantly reduced (Chapter 3; Table 3.1). 
8.5 Drought escape 
In drought prone, cereal-producing areas, short season style varieties are usually 
chosen to escape drought stress. The short life cycle varieties are normally with early 
flowering and low yield potential. Plants with long life cycle would have better 
capacity for recovery from the drought stress probably because the late maturing 
genotypes are younger on the same calendar day (Blum, 2007a). In this study, Janz 
was a longer season variety and both Kauz and Westonia are short season varieties. In 
the glasshouse, the seeds of these three varieties were given a pre-germinated 
treatment for synchromized flowering. However, when encountering the similar level 
of water deficit (Chapter 3), Kauz quickly senesced while Janz remained green and 
continued to fix carbon by photosynthesis. In the field without pre-germination, under 
the consistent drought treatment, Janz lost significant grain yield even through Janz 
stayed green at the same time when Kauz turned to yellow (Chapter 4). Therefore, in 
the field based terminal drought, it is better to use short season varieties, like Kauz. 
But if it is intermittent terminal drought, it is better to use long life cycle varieties 
with high yield, which have better drought recovery. 
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8.6 Future work 
For wheat breeding, a significant aim is to select a complex phenotype such as 
drought tolerance using genotypic and/or diagnostic phenotypic indicators. For 
seedling drought, early seedling vigour might be a selection criterion. For the 
production of vegetative growth, the selection process would focus on deep roots, stay 
green and osmotic adjustments. For the terminal drought, the selection would be for a 
high level of WSC and the high expression levels of 1-FEH w3. Another approach in 
future studies would be to further investigate the details of WSC accumulation and 
mobilization. Such studies would include analysing the components of WSC, for 
example, the concentration of glucose, fructose, sucrose and fructans. Quantifying 
these carbohydrates separately would greatly improve insight in accumulation 
remobilization and elaborate on the relationships between the levels of stem fructan, 
sucrose and the expression of 1-FEH w3. In addition, these studies would also provide 
more information about the large differences in stem WSC concentration between the 
field and the glasshouse samples. The enzyme activities of FT and FEH should be 
investigated in the future. It would be more accurate in explaining the gene functions. 
There were variations in stem WSC levels between glasshouse and field experiments, 
which might cause the different gene responses. It needs to be investigated in further. 
With regards to the 1-FEH gene family, the RFLP data indicate there are 5 or 6 copies 
of the 1-FEH gene in bread wheat and three have been cloned and analysed. The other 
2 copies have been partially cloned, and mapped to the deletion bins and in double 
haploid populations.  The whole sequence of these remaining 2 or 3 copies need to be 
determined using genome BAC screening. In addition, the function of these copies 
needs to be analysed, especially, the FEH w4 located on 6AS, which is linked to 
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thousand grain weight and could be a candidate gene for thousand grain weight on 
6AS. 
The polymorphisms of 1-FEH w3 between Kauz and Westonia also need to be further 
investigated because of the great differences in expression levels. It is very important 
to find the DNA basis for these differences and create appropriate markers for wheat 
breeding. Moreover, it should be very interesting to identify the factors controlling the 
level of gene expression. 
N
o
 
1
-
F
E
H
 
w
2
N
o
 
1
-
F
E
H
 
w
1
150 bp
700 bp
600 bp
N
o
 
1
-
F
E
H
 
w
3
N
6
A
T
6
B
N
o
 
a
m
p
l
i
f
i
c
a
t
i
o
n
N
6
B
T
6
A
N
6
D
T
6
B
150 bp
700 bp
600 bp
 
Fig. 8.4 One example of the mutants of 1-FEH w1, w2 and w3 found in the screening 
of the heavy ion mutants in wheat variety, Chara, using multiple gene amplification. 
Primer pair FEH 1310F and FEH 1685R amplified 600 bp (1-FEH w2) and 700 bp (1-
FEH w1) fragments; primer pair FEHw3F and FEHw3R amplified 150 bp (1-FEH 
w3) fragment. The primer sequences were indicated in Chapter 5, Table 1. The DNA 
of mutant lines, and nulli-tetra lines were kindly provided by Dr. Zhongyi Li (CSIRO, 
Canberra). The mutant lines of Chara were generated and maintained in CSIRO, 
Canberra. 
 
In order to investigate some of the above ideas, 1-FEH w1, w2 and w3 mutations were 
identified in mutant lines of the wheat variety, Chara (Fig. 8.4) which generated by 
heavy ion bombardment (Dr. Zhongyi Li personal communication). These lines will 
allow the further investigation of the genes that function in the biosynthesis pathway 
of fructan in wheat and their particular contribution to the water deficit/drought 
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tolerance phenotype. The investigation of the mutant lines will provide a new set of 
genetic materials for growing in different glasshouse and field environments and 
analyzing the range of genes active in drought tolerance and the complex interactions 
which must be associated with this phenotype.   147
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